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Abstract

This thesis investigates the potential o�ered by cost-e�ective printed circuit technology
(PCT) for the packaging of mm-wave photodiode (PD) modules, as an alternative to the
commonly used integration approaches based on thin or thick-�lm ceramic manufacture.

We will therefore analyze the limitations imposed by this technology, focusing on
the loss mechanisms and the theoretical frequency limits due to the physical properties of
the laminates, as well as limitations imposed by the achievable resolution, tolerances and
manufacturing steps of printed circuit board (PCB) development processes.

We will then consider traditional planar transmission lines (PTL), in particular mi-
crostrips and grounded coplanar waveguides (GCPW), and the innovative substrate in-
tegrated waveguide (SIW), highlighting their characteristics and performance. We will
show that via holes play a fundamental role, as they ultimately decide the highest possible
frequency, independently of other parameters like conductor and dielectric loss, or etching
inaccuracies. In fact, they are vital to guarantee a correct functioning of both GCPW
and SIW, by avoiding board resonances and interferences between di�erent lines. We will
show that the current PCB via-hole technology allows the development of circuits working
up to at least the upper limit of the W-band.

As microstrips are subject to higher radiation in the mm-wave region, GCPWs will
be preferred for practical applications, also by virtue of their other practical advantages,
such as easily accessible ground planes, increased design freedom, and extended impedance
range. We will thus introduce the �rst concept of mm-wave PD modules with rectangular
waveguide (WR) output for E-band Radio-over-Fiber (RoF) applications based on PCT
integration boards. A particular feature of the proposed integration approach, is that a
photonic transmitter can conveniently be assembled without any mechanical modi�cations
of the WR, using standard o�-the-shelf WR components, therefore simplifying the assem-
bly process and reducing the cost of the module. We will also show that the availability of
laminates with low moisture absorption as dielectric carrier furthermore opens up the pos-
sibility to develop quasi-hermetic packages without the need of dedicated radomes to seal
the WR opening. The developed PD module will be used in mm-wave RoF demonstra-
tors in order to prove the suitability of our approach for the development of commercial
communication systems: We will be able to show a successful, error-free, 1-Gb/s, wireless
connectivity in the 70-GHz communication band, with a power penalty limited to 1.5 dB.

We will also present several additional prototypes, which include dedicated, on-board
biasing circuits, to allow integration of in-house-developed PDs and commercial ampli�ers,
and other solutions to reduce the loss of the signal power.

In order to overcome the shortcomings of microstrips and GCPWs, such as unwanted
radiation and increased power dissipation due to high current densities, we will then intro-
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duce for the �rst time the PCB SIW in the packaging of mm-wave photonic transmitters.
The properties and advantages of this innovative transmission line in terms of low loss and
high integration will be investigated and assessed, showing that its unique con�guration
allows a superior control of radiation and interferences, and drastically reduces losses. This
suggests its use in all mm-wave systems where long on-board interconnects are required.

A new integration approach for the development of quasi-hermetic PD modules with
in-package antennas based on PCB SIW will thus be presented, focusing in particular
on non-directive data distribution systems. It will be shown that compact, low-loss, and
quasi-hermetic packaging solutions can conveniently be designed making use of the SIW.

We will introduce and experimentally validate innovative GCPW-to-SIW transitions
necessary for the integration of PD on SIW platforms, and speci�cally optimized for oper-
ation in the 60-GHz band. Design and optimization of mm-wave antennas for indoor RoF
systems will be presented, testing their performance against PCB manufacture inaccura-
cies. Finally we will show an example of a fully characterized integration platform for PD
modules, con�rming the suitability of PCB SIW for the development of future, low-loss,
and cost-e�ective RoF transmitters.
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1 Introduction

1.1 Broadband Wireless Access Demand

The data tsunami linked to the continuously growing demand for broadband connectiv-
ity and high-datarate communication is rapidly bringing to the saturation of the current
networks' capacity [1]. Telecommunication providers are currently facing the problem
of being able to deliver �xed broadband connectivity to corporate and private users at
competitive prices: This is mostly due to the di�culties linked to the expansion of the
existing optical �ber networks. In fact, the provided huge bandwidth together with the
extremely low-loss properties made �ber a popular choice for broadband communication
networks, being deployed across the world to serve as backbones and backhauls for the
distribution of data. Unfortunately, the development of �ber-to-the-home (FTTH) net-
works is still limited by environmental factors, namely the di�culties (and therefore the
costs) related to trenching in metropolitan areas. These costs are estimated to be in the
order of �130000 $ per km in the U.S. [2], which are obviously a prohibitive investment for
small and medium enterprises, as well as for most domestic buildings. Furthermore, local
regulations are becoming increasingly strict concerning the installation of �ber services,
causing delays (months or years) in the actual implementation of new networks branches,
because of the necessary impact studies and planning [3]. In other cases, e.g. in rural
areas, where trenching costs would generally be lower, geological and natural factors (e.g.
lakes, mountains, forests) do not always allow easy solutions to deploy the �ber.

All the above mentioned obstacles have generated a large e�ort from the industry
and the international research community in the strive for the development of adequate
wireless �ber extensions and/or replacements [4]. In particular, considerable work has
been done in the past years to develop �xed point-to-point microwave links operating
between 5 and 40 GHz, with typical applications in mobile backhaul and enterprise con-
nectivity (link distance between some hundreds of meters and a several kilometers). The
availability of sources, ampli�ers and antennas, together with the relatively low atmo-
spheric attenuation, allows the development of long-range (>5 km) carrier-class (99.999%
availability per year) wireless connections in this frequency range. Unfortunately, because
of the narrow channels established by the regulators, the connectivity of these systems is
limited to a maximum of 350 Mb/s, achievable only with spectrally e�cient modulation
formats [5]. Data rates of 700 Mb/s or in excess of 1 Gb/s are eventually achievable only
by additionally using techniques such as adjacent-channel transmission or dual channel
polarization, which essentially require doubling the architecture of the system [6].

Fig. 1.1 illustrates how the use of millimeter-wave1(mm-wave) solutions can be seen

1The common de�nition of millimeter-wave usually comprises all frequencies with wavelength shorter
than 1 cm (30 GHz) and longer than 1 mm (300 GHz). In this thesis the term will however be used to
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as a panacea for the limited speed achieved by microwave links of spectrum, guaranteeing
a connectivity of several Gb/s for short-range communication and at least 1 Gb/s for
medium-range applications. Considerable work has been done in the last years for the
regulation of the 60/70/80-GHz bands and for the development of suitable systems and
components to pro�t of the possibilities o�ered by these bands. Details concerning the
usage and the characteristics of the 70/80-GHz bands are given in Section 1.2.2.

Figure 1.1: High-data-rate wireless scenario. Reproduced from [6] with permission of
Artech House via Copyright Clearance Center.

From Fig. 1.1 it can be seen that, di�erently from the other mm-wave bands, the
60-GHz band is not only used for short range applications, but also for personal and local
communication networks. In fact, where �ber connectivity is readily available, the market
is further showing interest in the development of new wireless solutions, especially for in-
door wireless personal area networks (WPANs) and wireless local area networks (WLANs),
where a massive di�usion of datarate-hungry applications (such as uncompressed high-
de�nition (HD) video streaming, online gaming, large �le synchronization, and docking
stations) is foreseen [7]. Fig. 1.2 depicts a more detailed view of the very-short-range
wireless communication scenario, clearly showing that the data rate of up to a few Gb/s
required by the above mentioned applications cannot be achieved using the relatively ma-
ture local-network wireless technologies currently available on the market [8]. In fact,
even the latest WiFi technology, developed for short-distance multi-access connectivity, is

identify frequencies above 50 GHz, in order to comprise the recently regulated communication bands
(60-GHz, 70-GHz, 80-GHz) and distinguish them from the gigahertz range (up to 50 GHz), that will
be referred to as microwave region. This distinction is suggested by the general characteristics of the
higher frequency bands and by the special approaches used by regulation bodies for the management
of the di�erent channels, as it will be explained in Section 1.2.
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1.2 Millimeter-Wave Spectrum Allocation and Regulations

practically able to only guarantee a connectivity of a few Mb/s per user [6], in spite of the
maximal 600 Mb/s data rate envisaged by the latest IEEE 802.11.n standard [9] and the
� 200 Mb/s achieved in laboratory demonstrations using multiple-input/multiple-output
(MIMO) con�gurations in combination with orthogonal frequency-division multiplexing
(OFDM) and high-order quadrature amplitude modulation (QAM) [10]. Similarly, ultra-
wide band (UWB) systems can theoretically deliver connectivity in the Gb/s-range only
using advanced modulations techniques and MIMO con�gurations [11, 12], in spite of the
large used bandwidth, essentially because of the strict regulations concerning the trans-
mitted power2. Once again, mm-wave technology can be used to overcome the current
limitations posed by existing wireless technologies: The IEEE 802.15.3c standard has for
the �rst time addressed data rates in excess of 1 Gb/s [13] introducing the use of 60-GHz
technology into the saturated wireless scenario. More details concerning the 60-GHz band
and its relevant regulations are given in Section 1.2.1.

Figure 1.2: WLAN and WPAN data rates and ranges for di�erent standards (after [8]).

1.2 Millimeter-Wave Spectrum Allocation and

Regulations

As highlighted in the previous section, mm-wave technology is the key to high data rate
wireless data transmission, as the usage of higher transmission frequencies allows the
development of faster services with higher data rates, as reported, among others, in [6]. It
is important to notice that mm-wave propagation su�ers of higher free-space loss (FSL)
than microwaves. FSL is the generally dominating form of attenuation in microwave and

2Due to their intrinsic nature, UWB systems are forced to operate with power levels located in the noise
�oor of other overlapping standards. The particular nature of UWB systems also makes international
harmonization across the world challenging.
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mm-wave radio links and is given by

FSL �
�

4πR

λ


2

�
�

4πfR

c


2

(1.2.1)

where R is the propagation distance, λ is the wavelength, f is the frequency and c is the
speed of light in air. As it can be seen, the FSL is directly proportional to the square
of the transmission distance and to the frequency of the signal. Figure 1.3-left plots the
FSL for di�erent mm-wave carriers: It can be seen that there is an increase of 9-11 dB in
comparison to the FSL of a microwave signal (23 GHz). However, as it will be discussed
in section 2.4.3, this e�ect can be compensated by the fact that the re�ector antennas
used in the development of outdoor wireless systems have an increased gain, for a given
antenna aperture, when used for mm-wave applications. Figure 1.3-right shows the e�ect
of the atmospheric attenuation [14] in addition to the FSL and it is obvious that the
60 GHz band is the only one that is severly a�ected by the attenuation of atmospheric
gases, due to resonance of oxygen at this frequency. However, this e�ect only becomes
relevant for distances larger than a few hundreds meters. This clearly suggests that this
band is suitable for short and very-short range communication, while its deployment for
long-distance (> 1 km) links is not recommendable. In the recent years, regulation bodies

Figure 1.3: Free-space loss (left) and total propagation loss taking into account the atmo-
spheric attenuation (dry air, sea-level, temperature = 15°C, pressure = 1.013
hPa, water vapor density = 7.5 g/m3) for di�erent frequencies (right).

and research groups, as well as the commercial sector, have concentrated their work in
high-speed communication applications taking into account the considerations mentioned
above, trying to take advantage of the di�erent characteristics o�ered by the di�erent
bands. Implications of these choices on the applications and the rules set by regulations
entities will be discussed in the following sections.
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1.2 Millimeter-Wave Spectrum Allocation and Regulations

1.2.1 60-GHz Band

The very peculiar characteristics of the 60-GHz band introduced in the previous section
lead regulation authorities all over the world to allocate 5 to 7 GHz of spectrum for unli-
censed telecommunication applications [15]. The allocated spectrum is either continuous
or divided in large channels which can be joined together to achieve multi-GHz bands,
which is a great advantage with respect to the crowded and parceled out lower-frequency
communication bands [3]. The large frequency reuse guaranteed by atmospheric attenu-
ation for distances above 1 km (see Fig. 1.3) and the costs saved on licenses (which can
reach 4000 $ a year for competitive microwave systems [5]) also contribute to increase the
interest in the development of 60-GHz systems.

Two di�erent markets are possible for wireless systems operating in this band: Point-
to-point outdoor links and high-speed indoor wireless networks. Point-to-point outdoor
links are of particular interest for enterprise connectivity, to achieve building-to-building
extension of WLANs, and are regulated in di�erent ways by authorities around the world
[15]. However, minimum antenna gains of 20-50 dBi are considered mandatory in almost
all countries, together with a number of other radiation requirements [3]. For the indoor
scenario, which takes advantage of the intrinsic security and increased frequency reuse
guaranteed by the attenuation of oxygen and walls on 60 GHz signals, a number of di�erent
applications are envisioned or currently being developed, among which: Cable replacement
(e.g. for uncompressed HDTV streaming), Gb-wireless Ethernet, high-speed data transfer
(wireless docking stations), and enhanced wireless gaming [7]. Accordingly, several private
and public working groups (e.g. WirelessHD, ECMA-387, 802.15.3c, 802.11ad, WiGig)
have been created with the aim of promoting standardization activities to support the
development of the mentioned applications [16].

1.2.2 70/80-GHz Band

Recently, the E-band was opened up in several regions around the world, allocating the
71-76 GHz and 81-86 GHz ranges for communication applications. Additional frequencies
above 90 GHz are allocated in the United States of America, achieving the extraordinary
bandwidth of 12.9 GHz. The E-band is channelized, but paring (for simultaneous up-
link and down-link) and aggregation of an unlimited number of adjacent channels are
permitted [15].

Authorities around the world have chosen to manage E-band applications on the basis
of di�erent approaches, implementing lightweight license, license-exempt, or conventional
license approaches [6]. The implementation of the simpli�ed licensing systems, which
implies very short acquisition time (hours or days) and low costs, has been partially made
possible by the restrictive requirements on the antenna gain: In fact, minimum antenna
gains are 38 dBi in Europe and 43 dBi in the USA, leading to pencil beams which increase
the security, reduce the risk of interference, and allow sharing of mechanical infrastructures
and intensive frequency reuse [5, 6, 17].

The high-gain requirements impose the usage of re�ector antennas (see section 2.4.3),
which requires E-band systems to be equipped with opportune rectangular waveguide con-
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nectors (WR3), while the low atmospheric attenuation makes E-band systems a preferred
solution for short/medium range (<5 km), with the actual maximum extension limited by
local rain rates.

1.2.3 Other Bands

Besides the asymmetrical 92-94 GHz and 94.1-95 GHz channels4 allocated for communi-
cation in the United States of America, other mm-wave solutions are being considered
worldwide in order to develop high-data-rate links.

Constrained by atmospheric attenuations peaks, two bands are foreseen to represent
a new breakthrough in mobile communication: The 150-GHz band (extending from 125
to 165 GHz) and the 250-GHz band (spanning from 200 to 300 GHz), which sum up to an
impressive total bandwidth of 140 GHz, suitable for at least 40 or 100 Gb/s transmission.

Although the atmospheric attenuation is slightly higher than in the 60/70/80-GHz
band, considerations on the increased antenna gain similar to the ones introduced in section
1.2 apply and the impact of rain on transmission is comparable to the one occurring in the
lower mm-wave range, making the upper mm-wave frequencies suitable for short-range
and middle-range communication. No commercial systems are currently available, but
several research groups are already showing interest in and experimental validation of
150-GHz [19,20] and 250-GHz [21�23] wireless links.

1.3 Radio-over-Fiber Technology for Millimeter-Wave

Communication Systems

Microwave photonics, i.e. the use of optical techniques for the generation, processing and
distribution of microwave and mm-wave signals, has since a few decades attracted attention
from industry and academia [24]. In fact, the optical generation and transmission of RF5

signals, in contrast to all-electronics techniques, not only guarantees low phase noise RF
signal generation, ultra-wide frequency tunability and broadband modulation capabilities
up to the THz range [15], but it further o�ers low-loss, low-cost and low-weight distribution
possibilities thanks to the exceptional characteristics of optical �bers (see section 2.1.7).

Radio-over-Fiber (RoF) is a key technology for high-speed communications which
combines electronics and optical techniques to achieve broadband signal and data distri-
bution to remote locations. A typical RoF network for wireless distribution is depicted in
Fig. 1.4: An RF signal carrying data packages is used to modulate an optical carrier in
a central o�ce (CO) and is then transported via an optical �ber to remote base stations
(BSs), which extract the RF information signal and transmit it via an opportune antenna
to the end user.

3The acronym chosen for the rectangular waveguide in this thesis will be �WR�, for association with the
widely used nomenclature proposed in the EIA RS-261-B standard [18].

4The 94-94.1 GHz band is reserved for military applications.
5Here the expression RF signal is used to indicate any desired wireless signal (up to the mm-wave range),
in juxtaposition with the auxiliary local oscillator (LO) and intermediate (IF) frequencies, which are
linked by the following relation: fRF � fIF � fLO.
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Figure 1.4: Typical RoF link.

In comparison to alternative techniques such as Baseband-over-Fiber (BboF) and
Intermediate-Frequency-over-Fiber (IFoF), RoF has the important advantage of central-
izing the signal processing and conditioning at the CO, reducing the BS architecture to
essentially an optical-to-electrical (O/E) converter and a transmitting antenna. Even-
tually, RF ampli�cation could be added in order to increase the wireless transmission
distance. Besides reducing the overall cost of the system, this has several additional ad-
vantages. First of all, the BS is transparent to the the actual RF modulation formats and
protocols, thus enabling a simpler management of the network and an increased �exibility
in terms of o�ered services, with any eventual upgrades carried out the at CO only. Fur-
thermore, their simpli�ed architecture reduces the overall power consumption of the BSs
and makes the installation and maintenance processes easier.

In their simplest form, BSs are photodiode (PD) modules with a transmitting an-
tenna, also called photonic transmitters, which perform the conversion of information from
the optical to the electrical domain by means of the PD, possibly followed by an ampli�er,
and transmit the RF wireless signal6. Obviously, in order to achieve full-duplex communi-
cation, if this is required by the application, the BSs have to include additional hardware
(circulator, ampli�er, optical carrier generator) to process the wireless signal received from
the users and transmit it via the optical �ber [25]. However, all the above mentioned con-
siderations remain valid and represent crucial advantages in the current telecommunication
scenario, where communication operators are reducing the extension of the cells, thus in-
creasing the number of the required BSs, as well as in a number of emerging applications,
such as indoor distributed antenna systems (DAS), extension of wireless coverage (e.g. in
tunnels), and �last-mile connectivity� (where natural or administrative obstacles prevent
the deployment of cables and �bers) [26].

While the implementation of RoF links at low frequencies is nowadays not particu-

6See section 1.4 and chapter 2 for further details.
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larly challenging thanks to the availability of compact and reliable modulation techniques
(direct laser modulation can be achieved up to �40 GHz in experimental setups [27] and up
to �10 GHz for commercial devices) as well as of optical detectors for the O/E conversion
(PDs), the setup of mm-wave RoF systems requires particular attention. In fact, besides
the need for more complicated techniques (which require additional external modulators)
are necessary to achieve appropriate optical modulation [25], a key issue is represented
by the di�culty to develop fast PD modules for the BS, which have to be optimized for
operation in the mm-wave range and have to be conveniently packaged in order to mini-
mize loss, protect the chips from atmospheric agents and guarantee interconnectivity with
external components, as it will be explained in section 1.4.

1.4 Photonic Transmitters

A schematic drawing of a photonic transmitter is shown in Fig.1.5, where optical inter-
connects (�bers) are depicted in red, mm-wave interconnects are depicted in blue, and
bias lines for the active components are depicted in gray. The most important component
of photonic transmitters is the PD7, which converts the optical signal to the electrical
domain. The output of the PD is then generally ampli�ed using mm-wave ampli�ers8 and
�nally transmitted through appropriate antennas, whose topology depends on the actual
application9.

Figure 1.5: Block diagramm of photonic transmitter. The PD is followed an ampli�er and
by an antenna, respectively labeled AMP and ANT in the diagramm.

The packaging of PD modules operating in the mm-wave range is not a trivial task
as several requirements have to be satis�ed, while taking into account multiple techno-
logical constraints. In particular, it is important to develop planar integration platforms
that allow proper illumination of the PD and have a compact pro�le compatible with
optoelectronic assembly processes. They must use interconnecting technologies which do
not introduce excessive loss on the information signal and should be hermetically sealed

7Details concerning mm-wave PDs are given in section 2.2.
8See section 2.3.
9More details on the properties and choice of antennas are given in section 2.4.
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in order to extend the lifetime of the devices. Finally, in order to support the widespread
deployment of BSs, the integration technology must be cost-e�ective and should possibly
rely on the usage of standard discrete components.

For outdoor mm-wave point-to-point applications, as described in sections 1.2.1 and
1.2.2, the integration of the chip with WR connectors is crucial, as they are commonly
used as input connectors for the high-gain antennas necessary to achieve the required
high-directivity, as well as for �lters and ampli�ers, because of their high power handling
capabilities, low attenuation and high quality factor10. While commercial PD modules are
usually equipped with a coaxial output, the research community has shown an increas-
ing interest in the past years in designing mm-wave PD modules with WR connectors.
The approaches proposed in literature to couple the output of the PD chip to a WR are
usually based on thin probes placed across the WR opening [28�31] or inserted into the
WR [32�36]. The adopted assembly processes involve sophisticated manufacturing tech-
nologies, such as split-block and waveguide machining [28, 34, 35] in order to overcome
assembly issues and realize non-standard elements required by the design (e.g. reduced-
height waveguides), while the circuitry is realized using expensive thin-�lm manufacturing
technology in order to increase the achievable resolution of the circuit elements (see sec-
tion 3.4.2). As a result, the development of the PD modules incurs high costs (due to
the expensive equipment) and their e�ciency is limited by the low yield due to the used
circuit technology and the necessity of non-standard elements. It should also be noticed
that all presented approaches require dedicated alignment procedures and do not provide
a mechanical enclosure of the WR opening, thus moisture and particles can penetrate
into the module through the WR: This is recognized as a serious issue for optoelectronic
devices, therefore additional components are sometimes required in order to solve the her-
metic shortcoming of the listed integration approaches (such as the special sealing window
proposed in [37]), which unfortunately increase the loss, the cost, and the complexity of
the assembly.

For short-range mm-wave applications where a high directivity of the antenna is not
required (such as scienti�c environments or speci�c indoor consumer systems), a simple
and compact approach for the antenna integration is represented by the development
of on-chip or in-package antennas. For narrow-band applications, simple patch [38] or
slot [39] antennas are used, while improved patch antenna con�gurations [40, 41], bow-
tie, log-periodic or log-spiral antennas (e.g. as reported in [42�44]) are used to achieve
wider operating bandwidth. Often a silicon lens is added to the module to improve the
directivity of the antennas [39, 43, 44], thus reducing the amount of power radiated in
unwanted directions. The antennas are either developed on dedicated substrates using
thin-�lm [40] or micromachining techniques [39], either developed on the same chip of
the PD to avoid the usage of discrete interconnects [43, 44]: The main drawback of these
approaches, is that the antennas require a relatively large area of expensive semiconductor
wafer. As the size of the antenna increases with decreasing frequency, this solution is
preferable only for applications in the higher mm-wave and terahertz range.

10Rectangular waveguides are discussed in section 2.1.2.
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1.5 Aim and Organization of the Thesis

The aim of this thesis is to investigate the potential o�ered by cost-e�ective printed circuit
technology (PCT) for the packaging of mm-wave PD modules, as an alternative to the
packaging solutions introduced in section 1.4.

In recent years, some mm-wave printed circuit board (PCB) designs have been pro-
posed for all-electronics applications, such as pure antenna concepts (e.g. in [45, 46]),
packaging of ampli�ers [47] or radar front-ends [48]. We �rst proposed the possibility
of using laminates11 and PCT for the development of mm-wave optoelectronics modules
with WR output for E-band point-to-point applications in [51]. The peculiarities of our
integration approach are the use of a cost-e�ective circuit development technology and the
lack of any mechanical modi�cations of the WR, allowing therefore a simpli�ed assembly
and the usage of standard WR components: This eliminates the need for split-block man-
ufacture and therefore reduces the overall cost of the module. The availability of laminates
with low-moisture absorption as dielectric carrier furthermore opens up the possibility to
develop quasi-hermetic12 packages without the need of additional radomes, provided that
a hermetic housing is connected to the top side of the assembly, as shown in Fig. 4.1.

However, using PCT for the development of mm-wave platforms requires careful de-
sign and comprehension of the limitations imposed by this technology. For this reason, it
is important to analyze the loss mechanisms and the theoretical frequency limits due to
the physical properties of the laminates. Furthermore it is necessary to identify the limits
imposed by the achievable resolution, the tolerances and the manufacturing steps of the
printed-circuit development process. A detailed analysis of the microstrip - probably the
most common planar transmission line (PTL) - will lay the foundations to introduce im-
portant aspects concerning laminates and the design of PCB transmission lines. However,
as microstrips can be subject to high undesired radiation in the mm-wave region, di�er-
ent transmission lines will be introduced: In particular the grounded coplanar waveguide
(GCPW) will be considered, as it has several practical advantages when compared to the
microstrip, and, if properly designed, helps to reduce interconnecting loss. We will thus
show that several prototypes of mm-wave photonic transmitters and modules, featuring
either a commercial PD or a chip developed in house, with or without integrated ampli-
�cation, can be conveniently assembled using PCT and traditional PTL. The developed
devices will be successfully used in mm-wave RoF demonstrators, in order to prove the
suitability of our approach for the development of commercial communication systems.

Although GCPWs are intrinsically more suitable than microstrip to control radiation,
they still su�er of relatively high loss in the mm-wave region: In fact, radiation can
occur at any discontinuities and the high current density at the edges of the signal line
increases conductor loss. Therefore we will introduce for the �rst time the PCB substrate
integrated waveguide (SIW) in the packaging of mm-wave photonic transmitters [52], in

11Note that, although all examples presented in this thesis will be based on laminates produced by the
Rogers Corporation, there are equivalent products o�ered by several competitors. Non-comprehensive
surveys of laminate suppliers are given, among others, in [49,50].

12Although generally not accepted in harsh environments (e.g. in space or underwater locations), quasi-
hermetic packages are accepted in non-critical situations where this is su�cient to extend the lifetime
of the packaged devices, as discussed in section 3.3.4.
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1.5 Aim and Organization of the Thesis

order to overcome the shortcomings of traditional PCB transmission lines in the mm-wave
range. The properties of this innovative line in terms of low loss and high integration
will be investigated and assessed, showing that the PCB SIW is an excellent candidate for
the development of high-performance packaging solutions: In fact, its unique con�guration
allows a superior control of radiation and interferences, and drastically reduces losses. This
will be demonstrated by introducing a new integration platform for PD modules with in-
package antennas based on PCB SIW, focusing in particular on non-directive distribution
systems: It will be shown that compact, low-loss and quasi-hermetic packaging solutions
for 60-GHz operation can conveniently be designed making use of the SIW.

Organization of the Thesis

Besides the current chapter, which presents general introductory topics, additional con-
cepts necessary for the correct understanding of the functioning of PD modules will be
presented in chapter 2: They include fundamentals of applied electromagnetism (EM)
(propagation, guiding structures), of passive and active electronics (antennas, ampli�ers),
as well as of optoelectronics technology (PDs). In particular, the factors limiting the
performance of traditional transmission lines (WR, coaxial cable, microstrip and GCPW)
in the mm-wave region will be analyzed. Special attention will be given to the proper-
ties of the SIW and its suitability for the development of compact and low-loss mm-wave
optoelectronic packages will be assessed.

Chapter 3 will focus on optoelectronic integration technologies, exploring the chal-
lenges related to the di�erent aspects of packaging. Particular emphasis will be given to
the usage of organic substrates and PCT to develop reliable mm-wave hybrid assemblies
suitable for large-scale photonic-electronic integration. Theoretical and practical frequency
limits for the usage of laminates will be studied and assessed. Experimental investigation
of the attenuation properties of mm-wave PCB interconnects will be presented and con-
venient modeling techniques will be introduced. Guidelines and alternative solutions to
overcome limitations of classical hybrid integration will also be considered.

Chapter 4 will introduce the �rst experimental, quasi-hermetic, integration concept
for E-band PD modules based on laminates. The presented device features a WR output,
a fundamental requirement for mm-wave transmitters designed for point-to-point RoF
links (see section 1.4). The manufactured module has the advantage of being quasi-
hermetic without the need of additional sealing windows or radomes and it is based on a
commercial PD with integrated bias network. It will be shown that it can be successfully
employed in 70-GHz RoF systems to achieve error-free 1 Gb/s data transmission. Further
improvements concerning the integration of PDs without integrated bias network, as well
as on-board ampli�cation will also be discussed, proving the �exibility of the developed
assembly approach.

Chapter 5 will focus on the usage of the SIW in the development of quasi-hermetic
60-GHz RoF transmitters for indoor applications, presenting the design of a SIW inte-
gration platform for PDs. We will introduce innovative planar GCPW-to-SIW transitions
developed to allow the integration of PDs with SIW structures. Furthermore, we will
present a feasibility study for 60-GHz PCB sector antennas systems fed by SIWs and
suitable for data distribution systems. Di�erent techniques will be used to improve the
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1 Introduction

matching of the antennas and their radiation properties, in order to verify and overcome
the intrinsic accuracy limitations of PCB processes. Experimental characterization of the
designed mm-wave interconnects and antennas will be shown, which highlight the superior
performance of the SIW technology and its suitability for low-loss mm-wave circuits.

Finally, in chapter 6 a summary of the presented results will be given, discussing the
achievements and the learned lessons. The identi�ed limitations and possible solutions to
improve and further develop the presented designs will also be considered.

1.6 Projects

The work presented in this thesis was mostly carried out within two projects (MITEPHO
and iPHOS ) funded by the European Commission under the Seventh Research Framework
Programme (FP7). In this perspective, this thesis supported the development of cost-
e�ective, high-speed photonic transmitters for the systems and applications envisaged by
the projects.

MITEPHO Initial Training Network

The main scienti�c objective of the MIcrowave and TErahertz PHOtonics (MITEPHO)
initial training network (grant agreement: 238393) is �to design and develop e�cient and
reliable sources for the photonic generation of microwave and terahertz, providing su�cient
power to be useful in selected areas of application� [53]. The focus is on the development
of compact and cost-e�ective photonic solutions to support the deployment of future RoF
infrastructure.

iPHOS

The Integrated PHOtonic transceivers at sub-terahertz wave range for ultra-wideband wire-
less communicationS (iPHOS) project (grant agreement: 257539) targets �the development
of compact and low power transceivers that enable wireless data transfer at sub-terahertz
carrier frequencies and their application to future high data-rate short-distance communi-
cation links� [54].
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2 Constituents of Millimeter-Wave

Photonic Transmitters

This chapter contains introductory concepts useful to understand and appreciate the role
of all fundamental parts of a photonic transmitter, which have been introduced in section
1.4 (see Fig. 1.5). Additional theoretical concepts and de�nitions used in this chapter are
given in Appendix A.

2.1 Guided Electromagnetic Propagation

Transmission lines (TLs) are structures used to carry and guide EM signals. In order to
describe how the �elds propagate within them, we can model them as generical cylindrical
structures, with a constant cross section along the linear axial coordinate of propagation
(the z axis in the Cartesian coordinates system shown in Fig. A.2, in appedix A.3).

2.1.1 General Loss Considerations

The attenuation1 due to the physical properties of a guiding structure in which an EM
wave propagates can generally be expressed as the sum of

α � αc � αd � αl � αr (2.1.1)

where αc is the conductor loss (due to the limited conductivity of the metallic struc-
tures), αd is the dielectric loss (directly related to the tan δ of the dielectric present in
the transmission line), αl the leakage loss (due to leakage through dielectrics with �nite
resistivity), and αr is the radiation loss (related to unwanted radiation from open con�g-
urations and particularly sensitive to discontinuities). While the conductor, leakage and
radiation losses assume speci�c formulations for every transmission line, it is possible to
express the dielectric loss (in Np/m) of any guiding structures �lled with homogeneous
dielectric2 as [55]:

αd � π
?
εr tan δ

λ0

(2.1.2)

where λ0 is the free-space wavelength of the EM wave, εr is the relative dielectric constant,
and tan δ is the loss tangent of the dielectric medium, described in the following.

1See appendix A.2 for a formal de�nition of the attenuation constant α.
2For lines which are only partially �lled with dielectric an e�ective permittivity εeff can be de�ned and a
speci�c �lling factor Q can be introduced into the formula to take into account the reduced attenuation
due to the presence of air [55].
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2 Constituents of Millimeter-Wave Photonic Transmitters

Loss Tangent

A wave travelling within a dielectric medium incurs in loss due to several physical phe-
nomena, which are described by the imaginary parts of µ and ε (accounting for the loss
in the material due to damping e�ects in the oscillation of the dipoles), and by the �nite
conductivity σ of the medium. A practical quantity to describe the loss in common media
is the loss tangent, which can be conveniently de�ned as follows3:

tan δ
def� ωε2 � σ

ωε1
(2.1.3)

It is important to notice that the contribution of dipole oscillation damping and conduc-
tivity cannot be distinguished by external measurements of power dissipation, therefore
the dielectric permittivity is often rede�ned as:

ε
def� ε1p1� j tan δq � εrε0p1� j tan δq (2.1.4)

where εr � ε1r (relative permittivity) is now a real number. From (2.1.3) and (2.1.4) it
can be seen that the tan δ expresses the ratio of the the imaginary and real parts of ε, as
shown in Fig. 2.1:

tan δ � ε2

ε1
(2.1.5)

Figure 2.1: Loss tangent (tan δ).

The loss tangent is an important parameter for substrates commonly used for high-
frequency applications and is usually included in the data sheets by the manufacturers,
together with the relative permittivity εr. The complex dielectric permittivity can thus be
calculated using equation (2.1.4). The e�ect of these parameters on EM waves and signals
traveling in a transmission line are analyzed in section 2.1.1. An extensive collection of
loss tangent and dielectric permittivity of common substrates from di�erent manufacturers
can be found in [50].

3A more detailed derivation of the loss tangent is proposed in appendix A.1.
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2.1 Guided Electromagnetic Propagation

Skin Depth

The skin depth (or penetration depth) δs is parameter that describes the con�nement
properties of a medium with respect to the penetration of EM radiation and it is de�ned as
the distance from the material's surface at which the magnitudes of propagating EM �elds
are reduced to e�1 � 0.368 with respect to their amplitudes. A widely used approximated
expression of δs for good conductors is [56]:

δs �
c

2

ωµσ
(2.1.6)

The skin depth has a direct in�uence on the current �ow on a metal surface, which
shows an exponential decay (with respect to the penetration into the metal) given by
Jpzq � J0e

�z{δ, as shown in Fig. 2.2-left. It is therefore often used in microwave and mm-
wave applications to describe the ability of conductors (metals) to con�ne and guide the
EM energy, rather than transmitting it through their interior. As a rule of thumb, it can be
considered that the �elds are estinguished after travelling a distance of 5 δs into a material,
which corresponds to an attenuation of more than 99%. As shown in Fig. 2.2-right, the
skin depth in copper (σ � 5.96107 S/m, µr � 0.999991) for frequencies above 60 GHz is
� 0.25 µm: This means that a copper layer of a few micrometers is su�cient to shield and
prevent leakages of EM �elds at this frequency. Furthermore, this example shows that in
the mm-wave range only the coating of the guiding structure is important, as a thin layer
of good conductor such as gold or silver is su�cient to improve the conductor loss of the
structure or to prevent uncontrolled radiation of the EM �elds, when used as shielding
layer. Plating an adhesion layer of poor conducting metal or a native metal layer with a
metal with better electrical and/or chemical properties is a largely used approach in several
circuit manufacturing technologies, as described in section 3.4. Table 2.1 summarizes the
skin depth of commonly used metals in PCB manufacture.

,

Figure 2.2: Normalized surface current density as a function of the skin depth (left) and
skin depth of copper as a function of frequency (right).
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2 Constituents of Millimeter-Wave Photonic Transmitters

Because of the concentration of EM �elds in a thin superi�cial layer of conductors
in the mm-wave range, it is useful to de�ne a surface impedance as [57]:

Zs � Rs � jXs � Et

Ht

� p1� jq
c
µω

2σ
(2.1.7)

with Et andHt being the tangential electric and magnetic �eld components and the surface
resistance Rs being expressed by

Rs �
c
µω

2σ
(2.1.8)

Table 2.1: Skin depth of several conductors at 50 GHz.

Material Conductivity (S/m) Skin Depth (µm)

Brass 1.5� 107 � 0.6
Gold 4.1� 107 � 0.4
Copper 5.8� 107 � 0.3
Silver 6.2� 107 � 0.3

2.1.2 Rectangular Waveguide

Rectangular waveguides are among the most common guiding structures used in EM
systems. They are basically metallic tubes (usually air-�lled, although fully or partially
dielectric-�lled waveguides can be developed and used) with rectangular cross sections
(see Fig. 2.3) and are suited for high-power and low-loss applications. Among their

Figure 2.3: Rectangular waveguide.

advantages there are also the high isolation from external interference and the absence of
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2.1 Guided Electromagnetic Propagation

unwanted emission of energy, intrinsically originated by the closed metallic structure. The
WR allows the transmission of EM waves in forms of TE and TM modes, and therefore
exhibits a high-pass behavior. The transversal components of the propagation vector,
obtained from boundary conditions imposed by the metallic rectangular geometry are
expressed as:

kt,mn �
c�mπ

a

	2

�
�nπ
b

	2

(2.1.9)

where m and n are the modes indexes associated with each TEmn and TMmn mode and a
and b are the dimensions of the waveguide, as indicated in Fig. 2.3. Hence, from equation
A.3.11, the cut-o� frequencies of the di�erent modes can be calculated to be:

fc � 1

2
?
µε

c�m
a

	2

�
�n
b

	2

(2.1.10)

It should be noted that for TE modes the indexes m and n cannot be simultaneously zero
(to avoid trivial solutions), while for TM modes they cannot be zero at all (this means
that the TM10 and TM01 modes cannot propagate, thus leaving the TM11 as the �rst
TM propagating mode) [58]. Being a>b by construction, the �rst propagating mode in a
WR is always the TE10 mode, which is therefore called fundamental mode, and its cut-o�
frequency is given by:

fc,TE10
� 1

2a
?
µε

(2.1.11)

The TE10 mode is characterized by having Ex � Ez � Hy � 0, while the other components
of the EM �eld are given by:

Ey � �j ωµa
π
A sin

πx

a
e�jkz,10 z (2.1.12)

Hx � �j kz,10a

π
A sin

πx

a
e�jkz,10 z (2.1.13)

Hz � A cos
πx

a
e�jkz,10 z (2.1.14)

Figure 2.4 shows the electric and magnetic �eld vectors propagating within a WR-12
waveguide at a frequency of 70 GHz.

The maximum operating frequency of a WR is usually assumed to be the cut-o�
frequency of the second propagating mode, in order to allow a single-mode operation. For
standard commercial WRs the condition a � 2b is generally assumed4, thus leading to:

fc,TE20
� fc,TE01

� 2fc,TE10
(2.1.15)

which indicates that WRs have a maximum operational bandwidth of one octave (although
usually reduced to 1.2-1.9 of fc,TE10

to account for fabrication tolerances). Figure 2.5
shows an example of the propagation constants of the �rst two modes of a standard

4The width b should be as large as possible in order to minimize conductor loss (see equation 2.1.16.
However choosing b > a/2 would lead to a reduction of the operational bandwidth, as indicated by
equation 2.1.10, which leads to the optimum value of b � a{2.

17



2 Constituents of Millimeter-Wave Photonic Transmitters

Figure 2.4: Electric and magnetic �eld vectors of the fundamental mode (70 GHz) propa-
gating in a WR-12.

WR-15 waveguide (a = 3.76 mm, b = 1.88 mm): It can be seen that the theoretical
monomodal bandwidth extends from 40 to 80 GHz, where the second mode starts to
propagate, although it is commercially considered for applications limited to the 50-75
GHz range, in order to have some safeguard margins to take into account manufacture
tolerances.

Figure 2.5: Propagation constant for the TE10 and TE20 �eld in WR-15.

The attenuation of a wave travelling in a WR can be expressed as the sum of the
dielectric loss αd (given by equation 2.1.2 and negligible for air-�lled waveguides) and the
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2.1 Guided Electromagnetic Propagation

conductor loss αc which can be expressed as [57]:

αc,TE10
� Rs

bη0

c
1�

�
fc
f

	2

�
1� 2b

a

�
fc

f


2
�

(2.1.16)

with Rs given by equation 2.1.8. Figure 2.6 shows the attenuation constant of standard
WR-12 and WR-15 waveguides made of brass and silver, extracted from full-wave analy-
sis (HFSS). As it can be seen, the over-all attenuation constant decreases as frequency
increases, and it is therefore preferable, in order to reduce loss, to use the waveguides at
frequencies su�ciently higher than their cut-o� frequency fc. Furthermore, it can be seen
that the conductivity of the used metal plays an important role, as the attenuation in brass
waveguides can be twice as high as the one in silver, or other comparable good conductors
such as copper or gold. From the depicted plots, the maximum theoretical loss, for a brass
waveguide, can be computed to be always lower than 5 dB/m in the 50-90 GHz range.
In practice, the loss due to waveguides will be higher, as the internal surface roughness5

a�ects the attenuation constant. Using a simpli�ed Groiss model6 [59] to account for this
e�ect in HFSS allows us to estimate that the attenuation constant of a WR-12 waveguide
might be doubled even for a rms value of the roughness ∆ = 0.5 µm (see Fig. 2.7). Note
that real-life loss might be even higher, as discussed in section 2.1.4.

One of the main disadvantages of WR is that even the ones suited for mm-wave
applications, although their internal dimensions shrink to �t with the requirements of the
operational bandwidth, remain bulky and heavy components. In particular, the standard-
ized interface of commercially available components remains very large: The diameter of
the �ange is � 2 cm, even for those designed to operate in the mm-wave range. Another
di�culty that has to be overcome when adopting WRs is the need of special transitions
from planar circuits and devices, in order to e�ciently couple the signal into the wave-
guide. One example of such transitions, used to achieve integration of photonic receivers
with a WR output port, will be presented in Chapter 4.

2.1.3 Coaxial Cable

Coaxial cables (Fig. 2.8) are very common and versatile guiding structures, based on
an internal cylindrical signal conductor (of radius a) and an external ground layer with
circular cross section (of radius b), separated by a dielectric layer, which can also be air.

Similarly to the case of the WR, the external metal conductor guarantees a radiation-
free operation. Due to the two separate metal conductors, a fundamental TEM mode can
propagate, with zero cut-o� frequency, which potentially makes coaxial cables very broad-
band lines. The upper frequency limit is approximately set by the cut-o� frequency of the
�rst higher-order TE or TM mode, which can be computed as [60]:

fc � 1

λc
?
µε

� 1

πpa� bq?µε (2.1.17)

5The surface roughness is usually described as a root-mean-square (rms) value of the deviation of the
metal's pro�le from a perfectly smooth surface.

6The Groiss model implemented in HFSS o�ers results close to the ones described by the experimental
Hammerstad-Jensen formula introduced in equation 2.1.23.
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2 Constituents of Millimeter-Wave Photonic Transmitters

Figure 2.6: Attenuation constant of the TE10 mode in standard WR-15 (50-75 GHz) and
WR-12 (60-90 GHz) waveguides made of brass and silver.

Figure 2.7: Impact of metal roughness (expressed as rms-value of its surface deviation) on
attenuation of silver WR-12.
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2.1 Guided Electromagnetic Propagation

Figure 2.8: Geometry of coaxial cable.

where λc is the corresponding cut-o� wavelength. From equation 2.1.17 follows that, in
order to guarantee a broadband operation, the geometrical dimensions of the line (radii)
have to be shrunk, which can constitute manufacturing problems for the upper mm-wave
range (above 100 GHz) and dielectrics with low εr should be used. From static analysis
it is possible to derive closed form equations for the characteristic impedance7 of coaxial
transmission lines as a function of its geometrical parameters:

Z0 � η

2π
ln

�
b

a



(2.1.18)

where η is the wave impedance within the insulating dielectric. The expression of Z0 can
then be used to calculate the conductor attenuation constant as:

αc � Rs

4πZ0

�
1

a
� 1

b



(2.1.19)

with Rs given by equation 2.1.8, while the dielectric attenuation constant can be calculated
by equation 2.1.2.

In spite of their important advantages (excellent isolation, low dispersion and wide-
band operation), coaxial cables su�er of integration di�culties similar to those of WRs,
as they have a complex, non-planar cross section and are general much larger than chips
or equivalent planar lines. Furthermore, access to the signal line is not straightforward
because of the shielding ground layer.

2.1.4 Microstrip Line

Di�erently from the WR and the coaxial cable, the microstrip is a PTL, i.e. it can be
created on a dielectric substrate using any of the techniques described in chapter 38: It
is therefore very compact and easily integrated with chips and devices. It is based on a
conductive strip (signal line) with a ground metal layer, separated by a dielectric substate,
as shown in Fig. 2.9. Microstrips are physically small in comparison to the previously

7The common value for the characteristic impedance of commercial coaxial cables and connectors is 50
Ω (which is also a standard reference value for measurement equipment). This value is an average
value between 75 Ω (the value of impedance that minimizes the propagation loss for air-�lled coaxial
cables) and the value of 30 Ω that guarantees the maximum power capacity [58].

8The research community is also engaged in the development of planar versions of coaxial lines and
WRs. One example of the latter is the substrate integrated waveguide that will be discussed in section
2.1.6.

21



2 Constituents of Millimeter-Wave Photonic Transmitters

analiyzed guiding structures and o�er a very easy access to the signal line, although the
connection to ground requires via holes or other techniques, such as lateral metallization.
However, the open and inhomogeneous structure of microstrips exposes the circuits to
other drawbacks, such as dispersion and risks of cross-talk, as it will be described in the
following sections.

Figure 2.9: Model of microstrip line with width W and thickness T on a dielectric sub-
strate of thickness H and permittivity εr.

Dispersion

The presence of two di�erent dielectric materials (air and substrate) prevents a pure TEM
propagation. However, the propagation along a microstrip can be described as a quasi-
TEM mode, by considering an e�ective permeability µeff (although µeff is generally 1) and
an e�ective permittivity, which is de�ned as the ratio of the capacitance of the line to the
capacitance of the line in case the dielectric substrate is completely replaced by air [61]:

εeff � Cactual

Cair

� εr � 1

2
� εr � 1

2
G

�
W

H



(2.1.20)

where GpW {Hq is a factor depending on the width W and substrate's thickness H, given
in [62], together with formulas for the characteristic impedance of the line, also taking into
account the impact of the metallization thickness T. The formulas are accurate within a
2% margin on a very large range of physical parameters.

In order to take into account the e�ect of dispersion at higher frequencies, that
might be detrimental for broadband operation, corrections have been presented by several
researchers, e.g. in [63�65]. However, the negative impact of dispersion can be neglected
if [66]:

H

λr

� Hf
?
εr

c0

¤ 0.05 (2.1.21)

with c0 being the light speed in vacuum. Equation 2.1.21 is a rather strict rule and clearly
shows that in order to achieve higher frequency operation, the substrate thickness H has
to be kept to a minimum. If the substrate has a high dielectric constant, the restrictions
on H are even stricter, as from a physical point of view, a larger dielectric layer with a
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2.1 Guided Electromagnetic Propagation

higher dielectric constant increases the inhomogeneity of the structure. As an example, it
can be computed that to achieve 100 GHz operation on an alumina substrate (εr � 9.9)
the layer should not be thicker than 50 µm, while on a common polytetra�uoroethylene
(PTFE) laminate (e.g. the Rogers RT/duroid 5880 [67], with εr � 2.2) the maximum
allowed thickness would be 100 µm. However the condition set by equation 2.1.21 can
be relaxed, allowing the ratio H /λ to achieve values up to 0.2, if the line length is not
excessively long [66].

Figure 2.10 shows the e�ective permittivity and the attenuation constant of mi-
crostrip lines as a function of frequency, for di�erent values of impedance9. The plots
assume a substrate with εr � 2.2 and thickness H = 127 µm and a metal thickness T =
17 µm.

Figure 2.10: E�ective permittivity and attenuation constant of microstrip lines for several
line widths.

Losses

The microstrip tends to behave similarly to a �wire on a ground plate� [68], therefore
radiating if the thickness of the substrate is too large. Formulas for radiation loss depend
on the microstrip structure under analysis but show, as a general trend, that the radiated-
to-incident power ratio is given by

Prad

Pin

� 2π
η

Z0

�
H

λr


2

Spεeffq (2.1.22)

where the factor Spεeffq depends on the actual microstrip con�guration [69]. It is clear
from equation 2.1.22 that thicker substrates increase the radiation loss and that the e�ect

9These results are obtained by HFSS solving a bidimensional problem based on the cross section of
the transmission line, therefore essentially account for ohmic and dielectric losses only. All other
propagation constants reported in following sections are based on the same simulation method, unless
otherwise stated.
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2 Constituents of Millimeter-Wave Photonic Transmitters

is stronger at higher frequecies (smaller wavelengths), eventually dominating other forms
of power loss, as experimentally shown in [70, 71]. Using a dielectric with higher relative
permittivity can mitigate this e�ect, by concentrating the �eld within the substrate and
therefore decreasing unwanted radiation10 (Spεeffq is always inversely proportional to the
e�ective permettivity for any of the analyzed con�gurations), but could lead to higher
dielectric and conductor loss, as discussed in the following.

For conductor and dielectric losses in microstrips, closed form formulas are reported
in [72]. Dielectric loss can be reduced by using dielectrics with lower εr (for a given tan δ),
which in turn might increase radiation loss. However, conductor loss is generally dominant
in the mm-wave range (with the exception of particularly lossy dielectrics). Conductor
loss can be decreased by using wider lines, as shown in Fig. 2.10, although the width
W cannot be arbitrarily large, in order to prevent unwanted resonances11, besides the
constraints set by the required characteristic impedance of the line. Of particular interest
is the e�ect of surface roughness on the conductor loss: The irregular surface of the
metallization layers increases the path followed by the currents induced by the guided EM
wave, therefore increasing the resistance and thus loss. Fitting of experimental data has
lead to the derivation of formulas which allow to estimate the impact of the metallization
roughness on the component of the attenuation constant due to metal as [61]:

αc, rough � αc, smooth

#
1� 2

π
arctan

�
1.4

�
∆

δs


2
�+

def� αc, smoothF

�
∆

δs



(2.1.23)

As shown in Fig. 2.11, the factor Fp∆{δsq in equation 2.1.23 can reach values of
up to 2, thus doubling the αc. As an example, it can be considered that a rms surface
roughness of 2.5 µm is 10 times larger than the penetration depth of a 60 GHz signal
in a copper-based microstrip (δs � 2.5µm), thus essentially doubling αc. However, the
phenomenon is not linear and even a roughness of 1 µm is enough to cause a 98% increase
in αc for the case considered above. This is clearly expressed by Fig. 2.11, which plots the
attenuation constant of a 50-Ω microstrip for di�erent values of the rms surface roughness
∆: The saturation in the increase of loss is already visible for ∆ � 0.5µm.

It should be noticed that, as the frequency increases, the penetration depth decreases
(see Fig. 2.2), therefore the surface roughness plays a more critical role in the mm-wave
range than in the lower microwave spectrum. Equation 2.1.23 was derived by �tting of a
limited set of experimental data and might not perfectly model the e�ects of conductor
loss on every structure or at very high frequencies. Recently, several models have been
presented, which show that a factor of 3 or even 5 are possible in some cases [73, 74].
Those models take into account 3D features of the metal's pro�le, which might be subject
to large variability due to manufacturing practices and repeatability, and require accurate
pro�le measurements which are generally not made availble by manufacturers. Therefore

10Obviously the considerations made here have to be seen in a di�erent way in microstrip antenna appli-
cations: In fact, in that case it is desirable to use substrates which are thicker and have lower εr, in
order to improve the overall radiation e�ciency. Trade-o�s are then required to prevent excessive loss
on interconnecting lines, to avoid the excitation of higher-order modes, or if the area available for the
antenna is a limiting factor.

11See the following section for details on higher-order modes in microstrip lines.
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2.1 Guided Electromagnetic Propagation

equation 2.1.23 can be used to estimate the minimum detrimental e�ect due to surface
roughness.

Figure 2.11: Multiplication factor for αc due to surface roughness in microstrips.

Other Modes in Microstrip Structures

Energy leakage for microstrip can also occur with coupling to higher-order modes. In
fact, several other modes, besides the fundamental quasi-TEM mode, can propagate in a
microstrip circuit and they have to be taken into account in order to guarantee a proper
functioning of the design.

Surface Waves Surface waves can exist at the air/dielectric interface of the microstrip
substrate. They can be supported in form of TM or TE modes, and several modes can
coexist, depending on the operation frequency. The lowest surface mode is the TM0 mode,
which has a zero cut-o� frequency, i.e. it is intrinsicly present in microstrip lines together
with the fundamental quasi-TEM mode. However, its �eld's strength is negligible for low
frequencies and it only becomes an actual source of leakage above the critical frequency [58]:

fTM0 �
c0

2πH

c
2

εr � 1
arctanpεrq (2.1.24)

Higher-order TMn modes have cut-o� frequencies given by:

fc,TMn
� n c0

2H
?
εr � 1

(2.1.25)
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Figure 2.12: Total microstrip attenuation constant for di�erent values of the rms surface
roughness ∆.

where n = 1,2,3,... is the mode index. However, the TE1 mode starts propagating before
the TM1 and tends to be excited by any transverse discontinuities of the line. The cut-o�
frequencies for TEn modes (with n = 0,1,2,...) are given by:

fc,TEn �
p2n� 1q c0

4H
?
εr � 1

(2.1.26)

Transverse Resonance The transverse section of a microstrip can be considered as a
possible transverse resonator if its width approaches λr{2. Although this �eld is generally
orthogonal to the fundamental quasi-TEM mode of the microstrip, any discontinuity might
allow a coupling and hence loss into this parasitic mode. This problem is particularly
evident for wide lines as the �rst resonance frequency can be estimated to be [75]:

fc,Tr � c0

2
?
εrpW �Hq (2.1.27)

One way to prevent transverse resonances is to use narrow longitudinal slots in the mi-
crostrip signal line; however it might be di�cult to implement this solution in PCB tech-
nology in the mm-wave range, as the slot might have a non-negligible minimum dimension
(e.g. 100 µm) in comparison to the wavelength within the dielectric.

Parallel-Plate Mode Parallel-plate modes can propagate between the signal line and the
ground when the thickness of the dielectric layer is close to λ{2 in the dielectric material,
with the cut-o� frequency given by [58]:

fc,PP � c0

2H
?
εr

(2.1.28)
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Table 2.2 summarizes the critical frequencies discussed above for two exemplifying com-
mercial laminates, chosen taking into account their suitability for mm-wave applications
(low tanδ) and their respectively low and high εr. The con�gurations considered in table
2.2 are:

1. Rogers RT/duroid 5880, εr = 2.2

a) H = 127 µm, W = 383 µm

b) H = 254 µm, W = 805 µm

c) H = 381 µm, W = 1284 µm

d) H = 508 µm, W = 1813 µm

2. Rogers RT/duroid 6010 [76], εr = 10.2

a) H = 127 µm, W = 110 µm

b) H = 254 µm, W = 227 µm

c) H = 381 µm, W = 346 µm

d) H = 508 µm, W = 467 µm

Note that the substrate thicknesses are chosen from the ones made available by the man-
ufacturer and the line width has be chosen, for every con�guration, in order to achieve
a characteristic impedance of 50 Ω (assuming a metallization thickness of 10 µm), which
can be considered to be as a must-have value in any design. However, lower impedance
values might be necessary for speci�c applications, which would require a wider W and
therefore would decrease the fc,Tr of the transverse resonance mode. From the values
listed in table 2.2, it can be seen that using very thin laminates (H = 127 µm) does not
set restrictions on the choice of εr (all critical frequencies are above 195 GHz12). However,
if thicker laminates are necessary (for mechanical reasons or for antenna requirements),
using substrates with low εr is necessary, as critical frequencies appear already below 100
GHz for a 250-µm-thick Rogers RT/duroid 6010.

Another reason to prefer low values of εr in the mm-wave range is that this reduces
the impact of manufacturing tolerances on the �nal design, di�erently from the lower
microwave spectrum where high e�ective permittivity is a precious resource used to shrink
the otherwise unpractically large design, as it will be discussed in chapter 3.

Obviously, similar conclusions can be drawn for ceramic substrates, as the range of
available relative permittivity is similar (see chapter 3 for more details), or seminconductor-
based designs (although in this case the choice is generally limited to higher values of
εr); in these cases, however, thinner substrates can be considered thanks to di�erent
manufacturing technologies or to the usage of thinning techniques.

12We are limiting this analysis to the upper limit of the W-band (120 GHz).
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Table 2.2: Critical frequencies of parasitic modes in microstrip lines.

Con�g. fTM0 (GHz) fc,TM1
(GHz) fc,TE1

(GHz) fc,Tr (GHz) fc,PP (GHz)

1-a 555 1078 539 227 796
1-b 277 539 269 108 398
1-c 185 359 180 69 265
1-d 139 270 135 49 199

2-a 258 389 195 271 370
2-b 129 195 97 132 185
2-c 86 130 65 88 123
2-d 65 97 49 65 82

2.1.5 Grounded Coplanar Waveguide

Grounded coplanar waveguides, also called conductor-backed coplanar waveguides, can be
considered as an extension of the microstrip concept, where ground layers have been added
on the top side of the substrate, using the same metal layer of the signal line (see Fig.
2.13). This overcomes one of the main practical drawbacks of microstrips (i.e. the di�culty
in accessing ground layers for short-circuiting purposes or grounding of surface-mount
components and chips) and additionally establishes grounding paths between di�erent
lines, thus improving isolation.

With or without lower ground plane, coplanar waveguides are common lines for
integrated circuits, especially in the mm-wave range, and they are a natural choice for
several electronics and optoelectronic devices with coplanar output pads (e.g. modulators
and PDs13), and they are particularly suitable for �ip-chip integration, a technique often
used in mm-wave assemblies (see section 3.5.2). Grounded coplanar waveguides generally
o�er better isolation and dispersion properties than microstrips [77], and tend to radiate
less, reducing power loss [71] and EM interference [78].

Grounded coplanar waveguides can support several modes, with the fundamental
one being a quasi-TEM coplanar waveguide mode, for which an e�ective dielectric constant
and a characteristic impedance can be de�ned and calculated using formulas derived by
means of conformal mapping techniques and experimentally validated [79], similarly to
the microstrip's case. Here, however, the thickness of the top metal layer plays a stronger
role for the actual �eld distribution, as strong capacitive coupling can occur between the
edge of the signal lines and those of the top metal layers. Therefore corrections for the
dimensioning of the signal line have been developed, in order to include the impact of
the metallization into the formulas for the characteristic parameters of GCPW [80]. The
additional top ground plates add a degree of freedom for the designer, as they not only

13See Fig. 2.22 and 4.31.
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Figure 2.13: (a) Model of GCPW, with highlighted fundamental parameters (line with
widthW, line gaps G, metal thickness T, dielectric thickness H ) and (b) front
view of the line, showing the electric-�eld distribution of the fundamental
mode.

expand the range of achievable characteristic impedances for a given substrate thickness H,
but also allow a required characteristic impedance to be obtained by several combinations
of line width W and slot width G.

Additional modes can be carried by the GCPW (or generated at discontinuities). In
particular, if a voltage di�erence is established across the lateral ground planes, a slotline
mode can be excited and propagate. Its excitation can be avoided by using air-bridges
or metallized via holes to guaranteee that the ground plates have similar potential at key
points of the circuit. Furthermore, the parallel plate mode, whose cut-o� frequency can
be calculated by equation 2.1.28, can obviously be excited between the top and bottom
metal layer. Conductive via holes short-circuiting the top and bottom ground layers are
an e�ective solution in this case too, especially if they are drilled close to the internal
border of the top ground plates, next to the signal lines. Besides the transverse resonance,
which can be calculated by equation 2.1.27, an additional radiation problem, which can be
very detrimental for the transmission properties of the line, can occur in GCPW circuits
due to the large top ground planes: They can give rise to patch-antenna resonances at
frequencies identi�ed by14:

fmn � c0

2
?
εr

d�
m

Wg


2

�
�
n

Lg


2

(2.1.29)

wherem and n are the resonance indices, c0 the speed of light in vacuum, εr is the dielectric
constant of the substrate, Lg is the length of the substrate and W g its width. For circuits
larger than a few millimeters, such as multi-chip modules that are usually in the centimeter
scale, these resonances are well within the mm-wave frequency range and must be avoided,
as they can dramatically increase the loss due to radiation. The usage of closely spaced
via holes can prevent these resonances from appearing within the working range of the
circuits: As a rule of the thumb, it can be considered that the maximum via-to-via pitch

14Note that equation 2.1.29 is a specialized case of equation 2.4.3, introduced in section 2.4.1.
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should be less than a half wavelength [77, 81] in the dielectric, preferably approaching a
quarter of wavelength [82]. This helps reducing the overall loss of GCPWs in comparison
to microstrips at high frequencies [71,78], but also sets a limit on the highest operational
frequency of the line, for a chosen substrate thickness, as it will be discussed in section
3.4.4. It is also important to highlight that metal-plated or, preferably, metal-�lled via
holes have additional value for the design, as they can be used to convey heat generated
by active components (diode, ampli�ers) to the bottom ground plane.

Figure 2.14 shows the e�ective permittivity and the attenuation constant of a 50-Ω
GCPW based on the Rogers RT/duroid 5880, with the following geometrical parameters:
W = 340 µm, H = 127 µm, G = 150 µm, T = 17 µm and εr = 2.2.

Figure 2.14: E�ective permittivity and attenuation constant of GCPW.

2.1.6 Substrate Integrated Waveguide

As described in the previous sections, planar con�gurations are very practical and allow
the development of a large range of compact and light structures, but they generally su�er
of interferences and cross-talks, undesired radiation, and cannot support a large amount
of RF power. Normally, for applications where high power, low loss, or a high quality
factor are demanded, the bulky and expensive metallic WR are the mandatory choice for
the designer.

Recently, an innovative guiding structure has been introduced in order to cover the
gap between planar technologies and WRs. The structure, called substrate integrated
waveguide (SIW), post-wall waveguide [83] or laminated waveguide [84], is a replica of
the WR, built by using top and bottom metal layers on a dielectric substrate, connected
by vertical metalization (in form of metallic walls or a fence of metalized slots or via
holes). It has a high quality factor, a characteristic which makes it suitable for low-
loss �lters [85, 86] and resonators [87], but also high-power handling possibilities, which
suggest its application for the development of compact power dividers [88] and directional
couplers [89, 90]. Several antennas based on SIW have also been proposed: In particular,
the nature of the SIW makes it particularly convenient for the development of slot arrays
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(as shown by [91�94], among others) and H-plane horn antennas (e.g. in [95�97]), but
more complex multi-layer con�gurations have also been reported (e.g. in [45,98,99]).

Several techniques can be used to create SIWs, such as advanced thin-�lm and thick-
�lm technology or co-�red ceramics, however their advantages are especially interesting
when developed using PCB technology on traditional RF substrates.

Figure 2.15 shows an example of SIW modeled in HFSS. The model is based on a
Rogers RT/duroid 5880 with 381 µm thickness (H ) and metallized copper layers. The
other parameters are: W = 2.5 mm, via-hole diameter d � 200 µm and pitch p � 400 µm.
The via holes are assumed to be plated with 10 µm copper (this value is large enough to
prevent any transmission of mm-wave signals through the metallization layer, as discussed
in section 2.1.1).

Figure 2.15: Model of SIW, with highlighted fundamental parameters (d = diameter of
via holes, p = pitch between via holes, H = thickness of substrate, W =
width, or distance between the lateral walls.)

Due to their nature, SIWs share most of WRs characteristics, although not all prop-
agation modes can be supported. In particular, the discontinuous side walls prevent the
propagation of all modes that require the current to �ow in the direction of propagation
(i.e. all TMmn and TEmp with p � 0), while TEm0 modes are supported. The electric-�eld
distribution of the �rst two modes (TE10 and TE20) is shown in Fig. 2.16-left, together
with their attenuation and phase constants (clearly similar to the ones of the TE10 and
TE20 of WR): It can be seen that, to achieve single mode operation, the usable bandwidth
of the SIW is limited to about 50%, like in the case of standard WRs. The simulated
S-parameters of the structure for a length L = 5 mm are shown in Fig. 2.16-right.

Furthermore, they are very thin in comparison to traditional WRs and, similarly
to dielectric-�lled metallic waveguides, the adopted substrates have εr ¡ 1: Both factors
contribute to lower the characteristic impedance when compared to WR operating in the
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Figure 2.16: Left: Electric �eld distribution, attenuation and phase constants of the TE10

and TE20 modes mode in the SIW. Right: S-parameters of the SIW obtained
by monomodal simulation (HFSS).

same frequency range. The characteristic impedance15 of the SIW depicted in Fig. 2.15 is
�75 Ω at 60 GHz, whereby the impedance of a common WR-15 would be �500 Ω. Other
values of impedances for several con�gurations (substrate thickness and line width) are
given in table 2.3.

Several simple formulas (empirical and semi-analitical) have been proposed in order
to establish an equivalence between SIW and WR [101�103]. The correspondence can
easily be achieved by observing that, due to the spacing between the via holes, the width
of the EM �eld is modulated along the transmission line (see Fig. 2.17); this must be
considered when modelling the SIW as a WR. In particular, the following relation can be
taken into account [103]:

Weff � W � 1.08
d2

p
� 0.1

d2

W
(2.1.30)

where Weff is the e�ective width of the WR corresponding to a SIW of width W, thus
establishing a cut-o� frequency for the fundamental mode: fc � c0{λc � c0{p2?εrWeffq.
Note that equation 2.1.30 is an empirical formulation and it is valid for p   3 d and
d   W {5.

15Note that, as it is indicated by equations A.3.9�A.3.12 in appendix A.3, the characteristic impedance of
TE10 waves is a function of frequency. The values reported here are estimations calculated by HFSS
at 60 GHz [100], based on the transmitted power and the excited current within the waveport, and are
only intended to describe the in�uence of the substrate thickness on the characteristics of the SIW.
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Table 2.3: Characteristic impedance Z0 of a SIW for di�erent values of the substrate thick-
ness H and width W ). The dielectric constant of the substrate is εr � 2.2.

H (µm) W (mm) Z 0 (Ω)

2 60
127 2.3 41

2.7 31

2 120
254 2.3 86

2.7 61

2.3 165
508 2.7 123

3 104

Figure 2.17: Modulation of the SIW �eld for several values of the via holes diameter d.
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Loss in SIWs

The SIW is subject to three main mechanisms of loss, due to conductor, dielectric and
leakage/radiation [104]. The conductor (αc) and dielectric (αd) components of the atten-
uation constant can easily be calculated by considering the corresponding formulas for
traditional dielectric-�lled WR (see equations 2.1.16 and 2.1.2), which can be rewritten
here as:

αc �
?
πfε0εr

H
?
σc

1� 2pfc{fq2H{Weffa
1� pfc{fq2

(2.1.31)

αd � πf
?
εr

c
a

1� pfc{fq2
tan δ (2.1.32)

Equation 2.1.31 clearly shows that, as in the case of the WR, the conductor loss, for a
given width W e� (usually �xed by the required operating bandwidth), can be reduced by
increasing the thickness H of the substrate, up to W e�/2, although in SIW technology
lower limits might be imposed by the manufacturing constraints (e.g. the allowed via-holes
aspect ratio) or other design requirements16. Figure 2.18-left shows the simulated atten-
uation constant17 in SIW lines of width W = 2.5 mm for di�erent substrate thicknesses,
con�rming the considerations made above. Furthermore, in Fig. 2.18-right the impact of
the rms surface roughness ∆ is analyzed for the same SIW, in the case of H = 127 µm.

From equation 2.1.32 it can be seen that the usage of low-loss laminates (with min-
imal tan δ) is necessary to minimize the dielectric loss.

Figure 2.18: Attenuation constant of SIW: Impact of substrate thickness (left) and impact
of metal surface roughness (right).

16In particular, this is in contrast with the need for reducing the substrates thickness in order to increase
the operational bandwidth of other planar transmission lines, as discussed in section 2.1.4.

17It must be noted that, for the SIW, the attenuation constant estimated by two-dimensional simulation
will be close to the actual one, as radiation loss is essentially absent from the SIW if the via holes are
dimensioned according to the guidelines given in the following section (Regions of Operation).
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While the dimensioning of the via holes does not play a direct role for conductor and
dielectric loss (except for its in�uence on the W e�), it becomes critical when analyzing
radiation loss in SIWs. The pitch between two via holes regulates the amount of leaking
�eld and it can be shown that negligible loss can be achieved when p   2.5 d [105], although
other restrictions might be necessary, in particular with respect to the wavelength of the
operating frequeny, as it will be introduced in the next section.

Regions of Operation

SIWs working in their fundamental mode have a cut-o� wavelength given by λc � 2
?
εrWeff

and the radiation loss is negligible when the spacing between the via holes is kept small
enough. However, SIWs might also be considered for operation as leaky-wave struc-
tures/antennas, with the leakage rate regulated by the geometry of the via hole fence.
Some assumptions can be made in order to establish working regions regulated by the
relative dimensions of the via-hole diameter and pitch [104]. Considering a maximum
acceptable value of 10�4 Np/rad for the attenuation due to radiation when operating as
guiding structure and a minimum radiation attenuation of 10�3 Np/rad for leakage wave
antenna, three regions (leakage, forbidden and guided-wave) can be found in the D-P
plane. Furthermore, the intrinsic periodicity of the SIW can lead to band-gap e�ects,
with the �rst band-gap resonance appearing for βp � π. As band-gap e�ects can have
very detrimental e�ects on the transmission properties of the guiding structure [103], the
dimensioning of the SIW should guarantee that band-gap phenomena are external to the
operating bandwidth of the line, i.e. they should occur at f ¥ 2fc. Hence [106]:

β � π

p
ùñ

a
k2 � k2

c �
π

p
ùñ

a
4k2

c � k2
c �

π

p
ùñ

?
3kc � π

p
� 2

?
3π

λc

� π

p
(2.1.33)

which results in the following constraint:

p

λc

¤ 1

2
?

3
� 0.25 (2.1.34)

where the limit has been reduced to 0.25 in order to account for tolerances. The limits
identi�ed by the phenomena discussed above are summarized in Fig. 2.19 and must be
taken into account when designing SIW circuits18.

To illustrate the impact of the pitch on the characteristics of the line, Fig. 2.20
shows the simulation of a 5-mm-long SIW for di�erent values of the via hole separation:
While passing from 400 to 800 µm only causes minor leakage and has a minor impact on
the S21, using a pitch of 1600 µm adds up to 3 dB of loss.

18Note that Fig. 2.19 identi�es an additional over-perforated region, which is de�ned by assuming that
s   λc{20. This condition sets a lower limit for the operating frequency, which is less important for
applications in the mm-wave range.

35



2 Constituents of Millimeter-Wave Photonic Transmitters

Figure 2.19: SIW: Regions of operation. © 2006, IEEE. Reprinted, with permission, from
[106].

Figure 2.20: Simulated S21 of SIW for di�erent values of the pitch (left) and corresponding
electric �eld distributions (right).
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2.1.7 Optical Fiber

An optical �ber is essentially a cylindric dielectric waveguide which guides EM waves
thanks to total internal re�ection, with the propagation taking place in form of TM, TE,
quasi-TE (HE), and quasi-TM (EH) modes [107]. They are used to collect the optical signal
generated by a laser source and to guide it, together with the carried information, to a PD.
The actual structure of an optical �ber consists of a glass core (although quartz or plastic
�bers are used too), surrounded by a cladding layer whose refractive index n � ?

εr is
lower than the one used for the core. They are extremely important to achieve wired long-
distance communication, as signals transmitted via optical �ber undergo an attenuation
which can be several orders of magnitude smaller than the one that would take place in
metallic guiding structures. They furthermore are immune to EM interference, are not
sources of undesired radiation, are generally not expensive (the average cost is only a few
dollars per meter [2]) and o�er a bandwidth of several dozens of THz, which makes possible
the transmission of signals even in the frequency ranges above the mm-wave bands.

The common range of applicability of optical �bers comprises wavelengths between
0.6 and 1.7 µm, although special windows are preferred for communication applications.
The minimum achievable loss pro�le in glass �bers is essentially due to Rayleigh scat-
tering occurring because of the amorphous nature of glass and the irregular distribution
of its SiO2 molecules. Being the Rayleigh scattering inversely correlated with the fourth
power of the wavelength, systems operating at higher wavelength are generally preferable.
However, �bers contain a considerable amount of O-H compounds (originated by the pen-
etration of hydrogen atoms within their structure), which show resonances similar to those
of water, with a large absorption peak at 2730 nm, as well as additional absorption oc-
curring at several other wavelengths. As a result, some wavelengths are not favorable for
long-distance communication, leaving two main bands19 to the interest of researchers. In
particular, the window centered at 1550 nm, which o�ers the lowest attenuation (only 0.2
dB/km), and the window centered at 1300 nm, with a slightly higher attenuation (0.5
dB/km). The interest in the latter is due to the fact that at �1300 nm SiO2 exhibits
almost no chromatic dispersion M, i.e. the dispersion due to changes of the refractive
index with the wavelength, which is often expressed in ps/nm-km and is given by [107]:

M � 1

cλ

�
λ2d

2n

dλ2
0



(2.1.35)

On the contrary, the 1550 nm band can show values of chromatic dispersion as high
as 20 ps/nm-km, but its superior low-loss pro�le and the fact that all-optical ampli�ers
essentially work in the same band make it the preferred choice for high-end applications
[108]. Depending on the size of the core, �bers can be classi�ed as single-mode and
multi-mode. Single-mode �bers have a core's diameter of less than 10 µm, allowing the
propagation of only one mode (the fundamental HE11 mode), with a radial �eld amplitude

19A traditional bandwidth, centered at a wavelength of 850 nm, is also used (although its attenuation
and dispersion characteristics are worse than the other two bands) as its wavelength �ts with the one
of the �rst generation of laser diodes and because it is particularly suitable for monolithic integration
of electrical and optical GaAs devices [108].
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that can be approximated as a gaussian beam [107]:

Iprq � I0e
� 2r2

r20 (2.1.36)

Multi-mode �bers have cores which are larger than 50 µm (whose main advantage is
the easier coupling of light from a source), which allows a very large number of modes to
propagate at the same time. Multi-mode �bers su�er of rather signi�cant modal dispersion
(generally higher than the intrinsic chromal dispersion of the material), which generally
makes them not suitable for high-end applications [108].

Optical �bers su�er of several other non-idealities (waveguide dispersion, polarization-
mode dispersion, unperfect �eld con�nement, as well as other linear and nonlinear e�ects)
which can reduce the practical bandwidth and length of the interconnects. A detailed
treatise of these phenomena is given in [109].

2.2 Millimeter-Wave Photodiodes

Photodiodes are among the most common used photodetectors, thanks to their compatibil-
ity with semiconductor manufacture technology, their small size and overall good perfor-
mance. The working principle of PDs is based on the fact that any incident photon whose
energy Ephoton exceeds that of the band-gap energy of the PD material can be absorbed
and used to generate a photocurrent Iphoto [107], i.e.:

Ephoton � hf ¥ Eg (2.2.1)

where h is the Plank's constant, f the frequency of the light wave and Eg is the band-gap
of the PD material, as shown in Fig. 2.21. This corresponds to a maximum wavelength
given by:

λmax � 1.24

Eg

(2.2.2)

where λ is expressed in µm and Eg in eV20. Typical values of λmax for common semi-
conductor substrates and compounds can be found in table 2.4: It can be seen that
more advanced compounds are needed in order to develop materials with a band-gap
and absorption properties suitable for operation at the standard optical communication
wavelengths21 [110,111].

The ability of the PD to generate a photocurrent under illumination is generally
expressed via its responsivity Rλ:

Rλ
def� Iphoto

Popt

� ηqqλ

hc0

pA{W q (2.2.3)

201 eV � 1.60218� 10�19 J .
21Optical communication systems have mostly been developed at 1300 and 1550 nm because of the

particular properties of optical �bers at these wavelengths, as discussed in section 2.1.7.
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Figure 2.21: Working principle of a PD.

Table 2.4: Energy band-gap and maximum absorbed wavelength of di�erent semiconduc-
tor compounds.

Semiconductor Eg (eV) λmax (µm)

Si 1.12 1.107
GaAs 1.42 0.873
InP 1.35 0.916

In0.7Ga0.3As0.64P0.36 0.89 1.393
In0.53Ga0.47As 0.75 1.653
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where Popt is the incident optical power, q is the elementary charge of one electron, λ is
the wavelength of the light beam, c0 is the speed of light in vacuum, and ηq is the quantum
e�ciency, de�ned as the ratio of the number of generated electrons per second to the
number of impinging photons per second. For a standard pin PD (see section 2.2.1) the
quantum e�ciency is related to the absorption coe�cient αabs and the width W of the
absorption layer by:

ηq � Pabs

Popt

� p1� Γq �1� e�αabsW
�

(2.2.4)

where Pabs is the total absorbed optical power and Γ is the re�ectivity of the air/semiconductor
interface, which reduces the amount of light actually penetrating into the absorbing layers.
The responsivity can be regarded as a transfer function of the PD and its values are gen-
erally in the range of 0.2-0.8 A/W. Di�culties to achieve values approaching 1 A/W are
mostly due to and recombination of electron-holes pairs before they can actually contribute
to the photocurrent. The �rst problem can be addressed by either arti�cially roughening
the external surface of the diodes or applying an anti-re�ection layer with an intermediate
refractive index between the one of air (n = 1) and that of the semiconductor. This solu-
tion also mitigates recombination occurring at the air/semiconductor interface, although
further recombination might occur within the PD itself, due to fabrication imperfections
of the wafers. The total current �owing through a PD is the sum of the photocurrent
and the so-called dark current, which can be expressed as the current of a classical p-n
junction:

Itot � Idark � Iphoto � Ise
p qVnkT �1q � Iphoto (2.2.5)

where Is is the reverse saturation current, V is the voltage applied across the junction, T
is the absolute temperature, k is the Boltzmann constant and n is the ideality factor of
the pn-junction. Note that in case of positive bias, the dark current will largely dominate
the photocurrent, while with a moderate reverse bias it will essentially result in a nonzero
current level in absence of illumination, that must be taken into account at circuit level.
Typical values of dark current are in the µA-nA range.

The minimum detectable power Pmin for a PD is established by the current noise �oor,
to which dark current, thermal noise, and shot noise contribute, and by the reponsivity,
i.e.:

Pmin � Inoise

Rλ

(2.2.6)

As an example, for a current noise �oor of 1 nA and a responsivity of 0.5 A/W, the
minimum power that the PD can detect is in the order of 2 nW.

Photodiodes, independently of their internal structure, are either equipped with on-
chip antennas used for direct radiation of the mm-wave signal extracted from the light
carrier (see section 2.4.1 and reference [112] for an example), or have electrical intercon-
nects (generally in form of coplanar or grounded coplanar waveguide as shown in Fig. 2.22
and in references [110, 112, 113], among others) from which the signal can be extracted,
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Figure 2.22: Typical coplanar output contacts of laterally illuminated PDs.

eventually conditioned, and guided to transitions to in-package or external antennas (see
sections 2.4.2 and 2.4.3).

In the following sections, an overview of the most common PD con�gurations used
in the mm-wave range will be given. For a more comprehensive treatise and for additional
alternative con�gurations, the reader can refer to [26, 108,114,115].

2.2.1 pin-Photodiodes

The pin-PD is an improvement of the basic pn-junction diode, where a large intrinsic layer
is included between the external p/n doped layers. The electron-hole generation occurs
in this region, with light being forced to pass through one of the two external layers in
traditional vertically illuminated PDs22. The electric �eld established by the positively
and negatively doped layers can thus easily push the carriers, whose movement will be
parallel to the direction of propagation of the light wave, towards the electrical contacts
at the output of the PD.

Figure 2.23: Schematic representation of a pin-PD.

22Note that carriers generated in the doped layers mostly recombine without contributing to the pho-
tocurrent and will not be considered in this analysis.
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2 Constituents of Millimeter-Wave Photonic Transmitters

The major mechanisms that limit the speed of pin-PD can be identi�ed as the total
diode capacitance (i.e. the diode capacitance of the depleted region plus any other external
parasitic capacitance) and the transit time required by the carriers to cross the depletion
layer. Unfortunately, the two issues cannot be addressed separately and require a trade-o�
in the design phase. In fact, the transit time can be decreased by decreasing the width
of the intrinsic layer, but this would in turn both increase the capacitance of the junction
(therefore increasing the RC-constant of the electrical model of the PD) and decrease the
responsivity of the PD (which is proportional to the volume of the depletion region, i.e.
to both its width and area). This limits the usage of traditional pin-PD to the lower
mm-wave spectrum, with 3-dB bandwidth in the order of 40-50 GHz [116,117].

In order to achieve higher operational frequencies, laterally illuminated pin-PD have
been developed, where a narrow (thinner than 1 µm) undoped layer, sandwiched between
the doped layers, guides the photons within the substrate. In this con�guration, the transit
time of the carriers is greatly reduced, as the width of the transit region is now essentially
limited to the thickness of the guiding layer, from which they vertically move to the top
and bottom doped layers. As the light is now traveling in a horizontal direction (i.e. along
the layers' interfaces), the absorption region can be made long enough to essentially absorb
all crossing photons23 without impacting on the transit time. The width of the absorption
region can also be reduced, as it is not anymore important for the absorption and thus
the built-in capacitance can be reduced. This con�guration greatly helps increasing the
3-dB bandwidth of the PD above 100 GHz [118, 119], although the augmented di�cult
to achieve a good coupling between the light-feeding optical �ber and the thin integrated
waveguide might cause a drop in the overall e�ciency [114].

2.2.2 Uni-Travelling Carrier Photodiodes

Uni-travelling carrier (UTC) PD have been developed in order to extend the 3-dB band-
width of pin PDs. In UTC PDs, photons are absorbed in a thin p layer, where the
generated holes are collected by the close p-contact, while electrons quickly move towards
the n-electrode. This way, the lower drift velocity of holes does not a�ect the response of
the PD, as only electrons cross the intrinsic layer, following a fast, quasi-ballistic motion
(no scattering occurrs) [114]. The intrinsic layer can therefore be extended in order to
reduce its capacitance, and therefore increasing the maximum working frequency of the
PD. The main drawback of UTC PDs is that the thin absorbing layer (the thickness can be
in the order of 100 nm) drastically reduces the responsivity, although its 3-dB bandwidth
can be extended to the limits of the mm-wave range [120] and well into the THz range,
if resonant improvements are exploited [121]. UTC PDs can deliver a considerable higher
current than pin PD without incurring saturation thanks to the reduced space charge ef-
fect : In the standard pin con�guration, the generated carriers tend to accumulate in the
absorption layer, as the current density increases, thus generating an additional electric
�eld (which reduces the internal �eld due to the p-n layers and therefore slows down the
carriers) and eventually leading to saturation of the current. A similar phenomenon hap-

23In this case the quantum e�ciency can be calculated by equation 2.2.4, in which the length of the
absorption layer is substituted to the width.
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pens in UTC structures, although obviously only based on electrons: The reduced amount
of accumulated charge, together with the higher velocity of carriers, makes the saturation
e�ect appear at current levels which are one or two orders of magnitude higher than that
of pin PDs [122,123].

2.2.3 Travelling-Wave Photodiodes

A di�erent approach to overcome the limitation due to the RC-cuto� is based on using
long RF electrodes, creating a mm-wave coplanar transmission line which runs in parallel
with the optical waveguide (in this case the optical signal is fed laterally, similarly to the
approach described in the second part of section 2.2.1) and that is continuously loaded by
the internal diode capacitance [124]. If the speed of the group velocity of the optical wave
and the phase velocity of the mm-wave signal traveling in the coplanar line (from which
the traveling-wave (TW) PD denomination) are the same, it is theoretically possible to
achieve in�nite operating bandwidth, with the photocurrent being at the constant value of
half of the DC photocurrent of the standard pin diode (this is due to an external matching
load required by the TW con�guration). Practically, TW PDs operating in the THz range
have been demonstrated [125].

2.3 Millimeter-Wave Ampli�ers

Generally, the output signal of a PD has to be ampli�ed before transmission. The integra-
tion of ampli�ers can be monolithic or hybrid (advantages and disadvantages of the two
approaches are discussed in section 3.2).

The most common ampli�er con�gurations employed in mm-wave optoelectronics
modules are heterojunctions bipolar transistors (HBT) and high-electron-mobility transi-
tors (HEMT), based on GaAs or InP technologies. While InP has better performance in
the upper mm-wave band and shows gain cut-o� frequencies well in the lower THz-range,
its intrinsic fragility and smaller processable wafers make this choice more expensive and
favours the usage of GaAs for applications in which cost is particularly important.

For modules working at frequencies higher than 30 or 40 GHz, the HEMT is the
preferred transistor con�guration [126, 127] and thus a popular choice for E-band appli-
cations. Its simpli�ed layer structure is shown in Fig. 2.24. The HEMT is based on a
heterojunction between semiconductor layers with di�erent bandgaps (the top layer is also
used to achieve a Schottky contact with the capping layer and the ampli�er's electrodes),
which creates a potential well in order to accumulate electrons in the channel layer, in
form of a two-dimensional electron gas. The concentration of the electrons depends on the
di�erence between the energy bandgaps of the two materials and can be modulated by the
voltage applied to the gate pad. Being con�ned in the undoped channel layer prevents the
electrons from having interaction with dopants, while the additional spacer layer is used
to prevent Coulomb scattering. As a result, carriers can move rapidly and the operating
frequency of the ampli�er can considerably be increased. The underlying bu�er layer is
used to reduce mechanical strain by achieving a better lattice match with the substrate
(not shown in Fig. 2.24): This relaxes constraints on the choice of the channel layers and
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2 Constituents of Millimeter-Wave Photonic Transmitters

gives more freedom to the designer for the optimization of the transistor.

Figure 2.24: Layer structure of HEMT ampli�er.

A HEMT is characterized by several characteristic frequencies [128], that will be now
shortly introduced. The cut-o� frequency can be calculated as

fc � gm

2πCgs

(2.3.1)

where gm is the transconductance of the device and Cgs is the gate-to-source capacitance.
The extrinsic cut-o� frequency is given by

fT � gm

2πtpCgs � Cgdqr1� gdpRs �Rdqs � CgdgmpRs �Rdqu (2.3.2)

with Cgd being the gate-drain capacitance, Rs and Rd being the source and drain resistance,
respectively. Finally the maximum oscillation frequency can be calculated as

fmax � fca
4R0gd � 4πfcRgCgd

(2.3.3)

where R0 is the sum of the channel, source and gate resistances. It appears obvious
that some compromises are necessary in order to increase the working frequency, as most
of the parasitic capacitances and resistances depend with di�erent laws on the physical
parameters of the devices, in particular on the transistor's aspect ratio (channel length
over spacer width), the output pads shape and the quality of the achieved ohmic con-
tacts. HEMTs can be optimized to achieve high-power outputs, although, thanks to their
high transimpedance, they naturally perform at their best in low-noise operation, which
is particularly important for direct integration with PDs, in order to improve the overall
noise performance of the optical receiver. Improvement of the noise �gure is achieved by
minimizing the channel length and by reducing the parasitic gate and source resistances.
Higher output power can be achieved by increasing the band-gap di�erence at the het-
erojunction (thus increasing the density of the the two-dimensional electron gas) as well
as the single band-gaps (in order to allow higher breakdown voltages), by introducing an
additional doped layer, and by increasing the number of gate �ngers.

The integration of commercial low-noise and middle-power HEMTs in PD modules
will be discussed in section 4.3.3.
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2.4 Antennas

Di�erently from transmission lines, where radiation (intended as a phenomenon happening
every time electrons are accelerated or decelerated due to a time-varying �eld) is generally
an undesired e�ect, antennas are structures that are speci�cally designed in order to
radiate (or collect) an EM signal (see Fig. A.4).

They can be realized in di�erent forms and size (taking into account constraints
given by the required working frequency, the available space and other mechanical issues),
and using di�erent technologies and materials.

Antennas can be located in di�erent parts of a communication module and can be
found in di�erent forms and size, from the monolithically integrated on-chip antennas
to antennas integrated in packages (which help to relax requirements for the design of
the single elements of the system) [129], to externally mounted antennas (generally bulky
elements imposed by restrictive requirements). In the following sections, a short overview
of the di�erent antenna choices for PD modules will be given, analyzing the key aspects
of each technology, while more theoretical concepts and de�nitions useful to understand
the properties of antennas can be found in Appendix A.5.

2.4.1 On-chip Antennas

On-chip antennas are used in order to avoid external interconnects between the PD and
the radiating structure, thus eliminating assembly steps and reducing power loss and other
parasitic e�ects. Although three-dimensional radiating structures can be created for on-
chip applications, we only consider here antennas in planar form, as their integration level
is the highest and they can be fabricated at no (or very small) additional cost.

Patch Antenna

The most common planar antenna is the microstrip patch antenna24. Although only rarely
used for mm-wave optoelectronics applications [41, 131], this antenna is an important
reference for on-chip, in-package and even external antennas (in form of array to form a
�at panel re�ector), therefore this section will shortly analyze its properties and layout,
which is shown in Fig. 2.25, where the antenna is etched on a substrate with relative
dielectric permittivity εr (it is assumed that the magnetic permeability is µr � 1) and the
substrate and ground plane are assumed to be in�nite.

Di�erent feeding techniques (the most common ones being the microstrip line feed
and the coaxial probe) can be used to excite the antenna, depending on technological
requirements, and they will not be considered here. To achieve optimum radiation at a

24Our analysis will be limited to traditional rectangular patch antennas, although di�erent shapes and
modi�cations have been proposed in literature to improve bandwidth, gain and polarization of patch
antennas. The interested reader can �nd a detailed treatise in [130].
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Figure 2.25: Model of microstrip patch antenna, with width W, length L, and metal thick-
ness T, on a dielectric substrate of thickness H and permittivity εr.

given frequency fR, the patch's dimensions should be chosen to be [132]:

L � c0

2fR
?
εr

� 2∆L (2.4.1)

W � c0

2fR

c
2

εr � 1
(2.4.2)

where c0 is the speed of light in free space, and the factor ∆L takes into account the
fringing �elds at the edges of the patch25. As introduced in section 2.1.4, the radiation
from microstrip structures is improved if the height of the substrate is increased (although
this is only valid until the height becomes large enough to allow surface wave propagation)
and if the εr of the dielectric is low. As a guideline, it can be assumed that the gain of
patch antennas is generally lower than 10 dBi. By considering that a patch antenna and
its ground plate actually form a possible resonator, it is obvious that multiple resonances
- besides the fundamental one identi�ed by equations 2.4.1 and 2.4.2 - can arise and the
corresponding frequencies (fm,n, where m and n correspond to the resonating modes) can
be calculated as [132]:

fm,n � c0

2
?
εr

c�m
W
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�
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L

	2

(2.4.3)

This could be a problem for unwanted radiation - hence loss - or interference even in
circuits that are not designed to operate as antennas, as already discussed in section 2.1.5.

Broadband Antennas

Microstrip patch antennas are largely used antennas but their radiation properties are
not suitable for all applications. Other on-chip antennas are generally considered in order
to achieve broadband operation in the mm-wave range. Among them, the most common
designs used in PD modules are the bow-tie and log-periodic antennas, shown in Fig.
2.26. These antennas are truncated versions of in�nite structures whose geometry is
described by angles rather than by actual physical, that makes their radiation properties
virtually independent from frequency. Due to their truncated nature, they will have a
lower cut-o� frequency, as well as a higher-frequency limit, identi�ed by the wavelength

25Several expressions are available in literature to estimate the actual value of ∆L, e.g. in [132,133].
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Figure 2.26: Broadband planar antennas: Bow-tie (left) and log-periodic (right) designs.

λmax � 8F , where F is the size of the feeding structure [132]. Detailed design guidelines as
well as historical information about the development of these antennas and the description
of similar radiators can be found in references [132] and [134]. Note that the antennas
discussed here are not supposed to be backed by a ground plate, thus their radiation
is bidirectional, with broad main beams perpendicular to the plane of the antenna. In
practical applications, where the antennas is located on a substrate, the preferred direction
of radiation will actually be through the substrate, due the higher εr in comparison to the
one of air. In order to improve the gain of the antennas used in photonic transmitters,
dielectric lenses26(for instance made of silicon or quartz) can be used to focus the beam
at the bottom of the substrate, as demonstrated in [19,136�138].

2.4.2 In-Package Antennas

One disadvantage of on-chip antennas is that they can occupy a large area of expensive
semiconductor substrate, vastly greater than that required by the PD itself. In order
to reduce the amount of semiconductor material required by a single device, in-package
antennas can be developed, where cheaper substrates (ceramics or laminates) are used
to develop interconnects and host the optical chip and other components. The antenna
might be integrated by either creating it on a dedicated chip or by directly designing it as
part of a platform. The latter approach gives the designer more freedom in the choice of
materials and con�gurations, as well as a considerably larger area than the one o�ered by
integration on the PD chip. The usage of in-package antennas based on di�erent assembly
techniques is di�used in mm-wave electronics [139�141] in order to create compact and
cost-e�ective designs. The substrate integrated waveguide introduced in section 2.1.6 is a

26An overview of the most common lens antennas used in the mm-wave range can be found in [135].
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perfect candidate for in-package antenna development, as it permits the creation of single
antennas and arrays [91, 142�144], together with high-quality-factor �lters and matching
elements, while allowing an easier development of hermetical housings. The design and
integration of in-package antennas based on SIW technology for 60-GHz PD modules are
discussed in chapter 5.

2.4.3 External Antennas

Sometimes the gain of on-chip or in-package antennas is not su�cient for the intended
application and the designer needs to feed the signal generated by the module to bulky
external antennas, through dedicated 3D transitions, as external antennas are connected
to PD modules through mm-wave connectors (coaxial connectors or, especially in the
mm-wave range, WRs).

Horn Antennas

The most common antennas used for laboratory experiments, as well as feed for highly
directional re�ector antennas, are horn antennas. There are several possible designs of
these aperture antennas, and a number of expedients have been developed by researchers
in order to improve their bandwidth or radiation. The following paragraphs will introduce
the basic principles of horn antennas and shortly discuss their properties.

H-Plane Horn Antennas The simplest horn antenna is the H-plane horn antenna (Fig.
2.27-a), which essentially is a WR whose opening is �ared in order to achieve con�nement
of the �eld. They have to be designed taking into account a trade-o� between the necessity
to keep the phase error at their aperture at a minum level and the need to increase the size
of the �nal aperture in order to achieve a high gain G, the latter being estimated by [145]:

G � eantD � D � 10.2
a1b1

λ2
0

(2.4.4)

where a1 and b respectively are the width and height of the horn aperture, D is the
directivity of the antenna, and the antenna e�ciency has been assumed to be eant � 1, in
this case. The radiation properties of H-plane horn antennas are well understood: From
the radiation plots reported, among others, in [132], it can be seen that the antenna is
suitable as sector antenna, because of the ability to control the radiation in the H-plane.
However the E-plane pattern has a wider half-power beam width (HPBW) due the �xed
height b, and could lead to excessively high front-to-back ratio (FTBR) and impedance
mismatch, in case b ! λ, as it will be discussed in section 5.4. H-plane horn antennas have
originally been developed as external metallic components, but their shape makes them
particularly suitable for integration on chips and modules using several manufacturing
techniques [146,147]; one example of in-package 60-GHz SIW H-plane horn antenna based
on PCT will presented in chapter 5.

Pyramidal Horn Antennas As it can be seen from equation 2.4.4, �aring the aperture
also in the E-plane leads to a larger gain, as this helps to control the radiation in the
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Figure 2.27: Horn antennas: H-plane horn antenna (a) and pyramidal horn antenna (b).
The inset in (a) shows the H-plane and E-plane.

E-plane too. This approach leads to a pyramidal horn, shown in Fig. 2.27-b. Several
trade-o�s are again required, in order to guarantee a minimal phase error in spite of
the double-direction �are [132, 145]. The common gain of o�-the-shelf pyramidal horn
antennas ranges from 20 to 25 dBi. Horn antennas are often used as feed for re�ector
antennas, that will be introduced in the next section.

Re�ector Antennas

For demanding point-to-point communication, very high antenna gains are required (see
section 1.2), which can be achieved only by designing very large arrays (whose operation is
generally resonant rather than broadband) or by employing broadband re�ector antennas.
The most common antennas employed to achieve high gain are parabolic re�ectors27 where
a horn antenna is used to feed a parabolic metal shield (see Fig. 2.28-a) which has the
property of re�ecting power originated from its focus in form of parallel rays28, which
leads to very directive antenna patterns. The maximum achievable gain can be estimated
as [132]:

G �
�
πL

λ0


2

eap (2.4.5)

where eap and L are the aperture e�ciency29 and the diameter of the re�ector respectively.
The maximum gains of parabolic re�ectors with di�erent diameters are shown in Fig. 2.29,
which show that even small dishes (diameters of 20 cm or slightly larger) are su�cient to
satisfy the requirements for mm-wave point-to-point links introduced in chapter 1. Note

27Other re�ector shapes are possible, from the simple plane re�ector to the corner re�ector, although
their ability to collimate the re�ected wave is lower than the parabolic re�ector. The simpler shapes
are however sometimes used in consumer applications where low-weight and low-cost are an important
feature of the system.

28Ray-optics approximation is used in analyzing parabolic re�ectors, as their size is usually several order
of magnitude larger than the operational wavelengths.

29Values of eap between 60% and 85% are possible using di�erent re�ectors and illumination techniques
[132].
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that for this plot the e�ciency has been assumed to be 70%: This is a typical value for
a Cassegrain antenna, which uses the alternative feeding technique shown in Fig. 2.28-b,
originally introduced to avoid the detection of thermal noise from the Earth's ground in
astronomy applications and generally preferred for the more convenient location of the
feed, which does not require cables, waveguides or other front-end electronics to be placed
in front of the main re�ector and thus relaxes constraints on the size of the feeding element.

Figure 2.28: Feeding techniques for parabolic re�ector antennas. Adapted from [132].

0 20 40 60 80 100
0

10

20

30

40

50

60

Frequency (GHz)

A
nt

en
na

 G
ai

n 
(d

B
i)

 

 

L = 20 cm
L = 40 cm
L = 60 cm

Figure 2.29: Gain of parabolic antennas with di�erent diameter (L) as a function of fre-
quency.

50



2.5 Conclusions

2.5 Conclusions

In this chapter the fundamental components of PD modules and their working principles
have been introduced, together with an analysis of the special requirements imposed on
the manufacturing technology of optical and electronic chips by the strive for achieving
better performance, in particular higher working frequencies and output power, in the
mm-wave range.

We have applied EM principles to describe and characterize the behavior of typical
topologies used for on-chip and intra-board interconnects, whose loss and wave-guiding
characteristics are critical for the successful development of integration platforms.

Special emphasys has been given to the analysis of the limiting factors of three-
dimensional guiding structures (WR, coaxial cable), as well as traditional (microstrip,
GCPW) and innovative (SIW) planar PCB interconnets. We have highlighted that ra-
diation loss can make microstrips unpractical in the mm-wave range. This explains the
preference accorded to GCPWs in applications above 50 GHz: With some compromises
on their characteristics, GCPWs are suitable for operation up to 100 GHz and beyond,
especially if thin dielectric substrates with low dielectric constant are used. As loss can
nevertheless still be an issue for GCPWs, we have �nally suggested that PCB SIWs could
be used as alternative low-loss interconnects for mm-wave applications. We have thus
identi�ed guidelines for the proper dimensioning of GCPW and SIW circuits, especially
addressing the requirement for closely spaced via holes. A more detailed analysis on the
maximum operating frequencies and other critical aspects of planar technologies will be
given in chapter 3.

Finally, the most common on-chip, in-package, and external antennas used in mm-
wave applications and RoF systems have been introduced. It has been highlighted that
only external Cassegrain or parabolic-re�ector antennas can meet the current requirements
for mm-wave point-to-point communication: An approach to develop PD modules suitable
for the integration of external antennas and based on PCT integration platforms will be
introduced in chapter 4. For 60-GHz indoor communication, the antenna requirements
are di�erent and sector antennas can be considered for some applications: A study of the
feasibility of in-package antennas for RoF modules based on PCT SIW will be presented
in chapter 5.
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3 Hybrid Optoelectronic Integration

Technologies

Optoelectronic packaging can be de�ned as �working on the connection of opto-electronic
integrated circuits to optical and electrical transmission lines and bias supply combined in
a environmental stable housing� [148]. In this regard, it can be seen as an �outgrowth of
electronic packaging� [149], as it shares and expands most of the properties and principles
of the latter, by including requirements concerning the optical inputs and/or outputs,
which will be introduced in section 3.1.

Essentially, any optoelectronic package has to provide environmental and EM pro-
tection to its housed components, as well as detachable mechanical, optical and electrical
contacts, in order to provide a �functional product for the end user� [150]. Essential
requirements for a good package are the appropriate removal of the produced heat and
prevention of unwanted EM radiation from the internal circuitry, as well as the resistance
to mechanical and thermal shocks, without in�uencing the functioning of the internal
devices [151].

It is possible to de�ne several levels of optoelectronic packaging, namely [152]:

� Level 0: Uncased device (e.g., laser diode, PD) with its integrated optical and
electrical interconnects;

� Level 1: Single or multiple optical and electrical integrated-circuit components (e.g.
lenses, PDs, electrical ampli�er, passive surface mount components) assembled into a
case with electrical and optical input and outputs; additional passive structures (such
as surface-mount bias components) can be included in the package, exploiting the
possibilities of creating electrical interconnects o�ered by the supporting substrate;

� Level 2: Modules and product boards (e.g. transponder on a daughter card); this
level of packaging is similar in nature to level 1 and therefore shares with it analogous
assembly techniques and issues;

� Level 3: Mother board with product boards or cabling (e.g. transponder mounted
on a mother board).

In this chapter, several integration approaches for hybrid optoelectronic modules will be
introduced, with particular emphasis on the development of PD modules (optoelectronic
packaging level 1) based on PCT. The interest in this approach can be easily understood
by the increasing drive for low-cost packaging, necessary to the development of accessible
consumer applications [153], particularly in the 60-90 GHz range [66]. However limits due
to manufacture constraints and additional EM issues need to be carefully addressed when
using such technology in the mm-wave range, as it will be discussed in section 3.4.4.
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3.1 Optical Issues

Independently of the chosen mechanical and electronic integration approach, any PD mod-
ule requires an optical input, in order to deliver a light signal to the chip: In fact, a funda-
mental requirement for the usage of optical receivers in actual systems, is the development
of pigtailed PD modules, i.e. modules which can be easily connected to light sources via
standard optical connectors.

In literature, several approaches are available to achieve optical connectivity, de-
pending on the PD type (top or lateral illumination) and the requirements of the package.
Besides free-space interconnections, in which the light beam is controlled by a number
of mirrors, prisms and lenses and that �nds its application mostly in transfering the sig-
nal between multiple optical boards, guided-wave interconnections based on �bers and/or
waveguides are widespread for on-chip and on-board signal steering and thus for the de-
velopment of pigtailed devices [154].

The majority of the alignment processes in optoelectronic interconnects is done by
active alignment, i.e. driving the device, such as a PD, in its normal operation status and
monitoring the output while re�ning the alignment of the �ber using advanced positioning
tools which allow translation along and rotation around the three axis (x-y-z). Position
accuracies in the order of 0.5-1 µm can be achieved by using multiple steps, but this
approach is very time-consuming and expensive.

In order to speed-up the assembly process, several passive alignment approches have
also been developed. The most common is based on using a silicon substrate where grooves
and cavities are used to guide the alignment of �bers and lenses, whereas exploiting the
self-alignment properties of �ip-chip connectivity, using mechanical alignment features
etched on the chips or the carriers and the registration based on �ducial marks have also
shown to be a valid alternatives. The accuracy of passive alignment is in the order of 1-5
µm, approaching that of active alignment [154].

The development of faster and more accurate alignment processes will be fundamen-
tal for the future improvement and further di�usion of optical RoF systems.

3.2 Monolithic vs. Hybrid Integration

When working on the integration of several optical and/or electrical chips, it is possible
to consider either monolithic or hybrid integration.

Monolithic integration is based on the principle that all required active and passive
components, including their interconnects, are designed and manufactured on the same
semiconductor substrate (e.g. silicon, gallium arsenide or indium phosphide) as a large
single chip, working at level 0 of the optoelectronic packaging hierarchy. This elegant
approach o�ers advantages, such as the reduction of parasitic e�ects due to discrete in-
terconnections between components and the simpli�cation of the required macroscopic
optical assemblies [126, 155�157]. However, it requires a larger amount of semiconductor
substrate's area, and reduces the choice of the elements to those compatible with the
adopted substrate and processing technique. Achieving a complete monolithic integra-
tion is often impossible, due to the lack of substrates suitable for all required optical and
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electrical elements, or interconnects. When monolithic integration is possible, the inte-
grated components would be unoptimized, as the requirements on the layers' structure to
achieve optimal performances are di�erent for di�erent devices and require several time-
consuming manufacturing iterations. While the monolithic approach might allow higher
yield and better reproducibility, the high density of neighboring elements might also raise
concerns for unwanted EM interference between the devices. An additional issue is also
that, in case of failure of one of the constituents, it is impossible to perform maintenance
or reparations on the module [158].

As a matter of fact, hybrid integration � where an external carrier, generally less
expensive than a semiconductor wafer, is used as integration platform for singularly op-
timized and manufactured devices [41, 137, 159] � is currently a necessity. This technique
might lead to larger assemblies and requires additional design e�ort to minimize mechani-
cal instabilities and non-ideal behavior of electrical interconnects. However, besides being
more suitable for fast prototyping, it o�ers great freedom to the designer, thanks to the
large choice of available components, in terms of variety as well as property range. The
hybrid integration additionally o�ers the possibility of tuning and repairing the circuits
after manufacture.

When used in practical systems, even monolithically integrated components require
a further connection to a level 1 or 2 platform, thus making necessary the usage of hybrid
methodologies. Therefore the following sections will analyze in details the most common
substrates and manufacturing technologies available for the development of hybrid inte-
gration platforms and will explore some of the speci�c issues arising when working on
mm-wave modules.

3.3 Dielectric Materials for Integration Platforms

The choice of the appropriate material to be used for integration platforms is dictated by
several factors related to thermal, mechanical and electrical properties.

3.3.1 Electrical Properties

The most important electrical parameters of mm-wave substrates are their dielectric con-
stant and the dielectric loss tangent, whose impact on wave propagation and attenuation
has been analyzed in sections 2.1-2.1.1.

A low dielectric constant is generally desired for applications above 50 GHz, in order
to reduce uncertainty on the line properties and extend the operational range of the circuits
by shifting the appearance of high order modes at higher frequencies (see section 2.1.4).
Commercially available substrates have dielectric constants ranging from 2 to 12.

The loss tangent must be chosen to be as small as possible, as dielectric loss tangent
is directly proportional to both this parameter and frequency, as indicated by equation
2.1.2). Substrates for mm-wave applications have a dielectric loss tangent ranging from
0.0001 to 0.001.
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3.3.2 Thermal Properties

Thermal issues are particularly important in the mm-wave range, as high-power devices
tend to concentrate the active elements in relatively small areas, in order to reduce loss
due to long interconnects.

Thermal Conductivity The thermal conductivity (TC) of substrates have to be consid-
ered when they are used in high-power applications or to host active devices. The total TC
is the result of several physical mechanisms allowing heat transmission related to electron,
EM wave propagation and phonon transportation, with the latter being the most impor-
tant term for heat removal in dielectrics [153]. The TC depends on the actual composition
of the substrate and is generally indicated by the manufacturer in in W/K. If the TC
of the substrates is not su�cient for the envisaged application, several techniques can be
adopted in order to reduce the temperature of high-power modules. The most common
way is to exploit metal-�lled via holes, taking advantage of the large thermal conductivity
of metals in comparison to common ceramic and organic dielectrics. As optoelectronics
modules contain temperature sensitive devices such as PDs, lasers and modulators, active
cooling elements, such as Peltier cells, might also be included in the packaged devices.

Thermal Expansion The thermal expansion of materials describes their change in volume
due to temperature variations. The thermal expansion coe�cient (CTE) is de�ned as:

CTE
def� ∆L

L∆T
(3.3.1)

where L is the material extension (length or thickness), ∆L is the change of the extension
due to a temperature change ∆T .

Di�erent CTEs can be an issue for complex rigid assemblies, as the di�erent amount
of expansion or contraction of materials attached to each other can induce stress and
deformations in the package. It is therefore important that the CTEs of the di�erent
materials used in packages are comparable in order to avoid damages and extend the
temperature working range of the module. Most ceramic materials show rather low CTEs
(less than 10 ppm/°C) which is suitable for integration with semiconductor. On the other
hand, organic composites used in PCT processes have a rather high CTE, which can be
engineered to match that of copper (17 ppm/°C), to prevent delamination e�ects. It must
be noted that most of the PCT composites nevertheless show a higher CTE (more than
100 ppm/°C) in the z-direction (the direction perpendicular to the laminate's plane) than
in the x-y plane (the plane of the laminate): Although this is not a real issue for the thin
substrates used in the mm-wave range, manufacturers have developed tailored materials
with reduced z-CTE to suit the needs of applications in which tight control is required,
e.g. for via holes requirements in multi-layer boards.

The CTE is not constant and can change with temperature, therefore it is generally
de�ned as an average value over a speci�c temperature range, e.g. 1-100°C.
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3.3.3 Mechanical Properties

External conditions such as temperature changes or mechanical stimuli can induce forces
on packages. Mechanical stability is fundamental in order to o�er a reliable base for hybrid
integration of components, but also to protect the module from environmental stress.

Young's Modulus The Young's modulus E is an important parameter for packaging
materials, usually provided by manufacturers. It is de�ned as the ratio of the internal
forces (stress, σ) induced by external stimuli to the overall deformation (strain, εs) due
the same stimuli, and it is a measure of the �resistance of a material to deformation in the
direction of forces applied to it� [153]:

E � σ

εs

(3.3.2)

Ductile materials, such as organic laminates, exhibit a plastic behavior, showing very
little change in stress for high level of strains, whereas brittle materials, such as InP, do
not experience this saturation e�ect.

3.3.4 Hermeticity

Hermeticity is an important issue in optoelectronics packaging, as moisture, water, gases
and particles might interfere or compromise the functioning of electronic interconnects,
chips and optical assemblies, by either changing the dielectric properties substrates and
increasing the risk of delamination during the processing, or by a�ecting internal circuitry
(e.g. through oxidation).

The materials that o�er the lowest permeability to water are, in order, metals, ce-
ramics and glass [135]. However, laminates based on liquid crystal polymer (LCP) and
PTFE also show very low water absorption (0.02-0.04%) and are therefore referred to as
quasi-hermetic materials, which has triggered their usage in packaging applications where
insulation must be achieved under humid conditions [160]. In particular, experimental
validation of LCP modules has shown conformity with military requirements on the leak
rates of substrates [66].

3.3.5 Ceramics

Ceramics are a common choice for high-end electronics applications as they allow the de-
velopment of high-resolution lines and their mechanical properties (such as sti�ness) make
them suitable for the development of thin substrates. There are multiple processes used
to manufacture circuits and integration platforms on ceramics, as discussed in sections
3.4.1-3.4.3. Ceramic materials have the advantages of o�ering a higher thermal conduc-
tivity than laminates (which is particularly important in high-power applications) and of
being hermetic, which can simplify the packaging process, although they are brittle and
therefore di�cult to machine.

Several ceramics are used as a substrate for mm-wave circuits [151], the most common
being alumina (AL2O3). It is used in an almost pure form (99.6% alumina) for thin-�lm
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applications and in 96%-form for thick-�lm circuits, the latter being more robust but show-
ing a coarser surface and higher dielectric loss. For high power applications, beryllia (BeO)
can be used, thanks to its high thermal conductivity, but its higher surface roughness and
the potential damage for human health during its processing can make manufacture more
complicated and expensive. Aluminum nitride (AlN), is particularly suitable for integra-
tion of silicon devices, thanks to their similar thermal expansion, although it can require
additional processing steps in order to improve the quality of its metallization. Thanks to
their low-cost, glass and fused silica (quartz/SiO2) are sometimes used for thin-�lm devel-
opment, with the latter being preferred because of its smoother surface and lower tanδ;
it is sometimes preferred for mm-wave applications , also because of its lower dielectric
constant, in comparison to alumina and other ceramics.

3.3.6 Laminates

As discussed in section 3.4.4, laminates are used for PCT processes and consist of a dielec-
tric core clad with metal layers. The dielectric layer is a composite material, consisting
of a resin and a fabric, used to achieve a higher degree of mechanical sti�ness (which
simpli�es machining) and to extend the range of available dielectric constant and improve
other characteristics, such as the CTE.

PTFE is the preferred resin for for high-end applications. PTFE is a thermoplastic,
i.e. it does not undergo multiple melting due to heating after the �rst curing, but it
can become softer if the temperature is increased above the glass transition temperature
T g, which should always be higher than the maximum processing temperature used in the
adopted PCT process. The T g of laminates depends on the actual fabric-resin combination
used and can be engineered to be higher than 300 °C. In the same range (above 300 °C)
should lay the decomposition temperature Td, i.e. the temperature at which permanent
degradation of the substrate occurs, de�ned as the point at which the decomposition of
the resin induced by the heat causes a weight loss of 5%.

Glass, quartz and ceramics can be used as fabric for laminates. One problem arising
from using traditional woven �berglass fabrics is that this introduces dielectric anisotropy,
because of the patterned dielectrics structure. Therefore manufacturers have developed
nonwoven substrates based on randomly distributed glass micro�bers and ceramic parti-
cles, in order to minimize the impact of anisotropy on the design. Aiming at reducing
the loss of the laminate and increasing their dielectric constant, ceramic �llers were intro-
duced in the 1970's; as a result, laminates with εr ranging from approximately 2 to 10 are
currently available on the market.

As an alternative to classical laminates, LCPs have proven to be suitable for the
development of multi-layer mm-wave PCBs and packages [161, 162]. LCP is a �exible
organic substrate, available in form of laminated boards from several suppliers, which o�ers
some advantages in comparison to PTFE laminates. In fact, it is particularly suitable to
multi-layer assembly, as its melting temperature can be engineered, producing layers that
melt below 300 °C and thus can be used as bonding layers, while the ones used as circuit
carrier are not a�ected due to their higher T g. Furthermore, its CTE matches the one
of copper, which reduces delamination due to the multiple thermal cycles necessary to
PCT development, and is readily available from manufacturers in very thin (25 µm) to
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thick (1 mm) layers. However its dielectric constant is only available in a restricted range
(2 ¤ εr ¤ 5), while its nominal loss tangent is generally two-to-three times higher than
that of high-end PTFE laminates.

3.4 Processing Technologies

There are several technologies which are suitable for the production of integration plat-
forms, based on a number of di�erent substrate manufacturing techniques, metallization
approaches, machining possibilities and integration capabilities. Sections 3.4.1 to 3.4.4
will explore the crucial aspects of the di�erent manufacturing techniques, with particular
emphasis on the integration based on printed circuit technology, as this is attractive for
consumer applications, thanks to the fact that its cost per circuit is 6 to 10 times lower
than that of concurrent technologies [163].

3.4.1 Thick-Film Technology

Thick-�lm technology makes use of relatively low-cost screen printing techniques1 to create
conductive structures on ceramic substrates, usually alumina, beryllia or aluminum nitride.
Typical thickness of substrates are in the 0.1-1 mm range, while the area can extend to 20
by 20 cm. Multi-layer structures are possible, with every layer being �red independently.

The resolution of conductive structures is in the order of 25-120 µm [72], with tol-
erances of 10-25 µm, with thickness of the metal layers of 7-15 µm [66]. Metal pastes,
which are applied to the substrate through a wire frame (screen) can be based on gold,
copper, silver or mixed solutions (gold-palladium, silver-palladium), however subsequent
hybrid integration possibilities might be hindered if gold is not used (e.g. due to soldering
issues) [151].

Laser machining can be used to create di�erent substrate shapes and drill via holes,
as well as to trim integrated resistors. Via holes can also be �lled with metal pastes,
in order to achieve multi-layer interconnectivity or EM shielding, or to improve the heat-
sinking capability of the structure. Thick-�lm structures undergo processing temperatures
of up to 1000 °C.

3.4.2 Thin-Film Technology

Thin-�lm technology is used to overcome the limitations of thick-�lm technology for higher
frequency ranges. Substrates are generally ceramic, in particular alumina and quartz, but
other materials such as aluminum nitride, beryllium oxide, sapphire, glass, ferrite, silicon,
InP and GaAs are suitable to be processed with thin-�lm techniques. The substrate's
thickness and area depend on the characteristics of the adopted wafers and the available
technology, therefore areas larger than 200 cm2 are di�cult to process.

Conductive structures are produced by vapor deposition or sputtering, in combi-
nation with photolitographic techniques, requiring operation in vacuum, and can achieve

1Thick-layer etching techniques are also possible, achieving higher line resolution, but they require equip-
ment and steps typical of the thin-�lm technology, which is treated in section 3.4.2.
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resolutions on the micrometer scale [153]. In order to facilitate adhesion to the substrate, a
very thin layer of titanium-tungsten (WTi) or nickel-chromium (NiCr) is usually deposited
at �rst, followed by a nickel barrier layer and �nally by a thicker (1-4 µm) layer of gold.
For lower frequency applications, the gold layer can sometimes be galvanically thickened
up to 10 µm, in order to improve the conductive properties of the metallization [151,153].
Laser drilling is used for shaping and to drill via-holes, which can be metal-plated during
the metallization phase. Thin-�lm processes allow for the integration of restive, inductive,
and capacitive elements, and can be used to develop multi-layer assemblies.

Thin-�lm on aluminum nitride, silicon, and quartz is the most common manufactur-
ing technology used for mm-wave optoelectronics modules [28,33,164,165], mostly because
of the achievable high resolutions and the smoothness of the metallization, which helps
minimizing EM loss. However, its limited manufacturing yield and the high cost of the
required equipment might not be suitable for supporting the consumer-application market.

3.4.3 Co-Fired Ceramics

Co-�red ceramics o�er a very high-level of integration thanks to the possibilities provided
by their intrinsic multi-layer nature, which allows the development of complex three-
dimensional structures, buried elements and cavities. The particularity of this technique,
based on ceramic substrates, is that all layers are pressed together and than �red, after the
creation of the required metallization. Two di�erent approaches can be identi�ed, with
respect to the �ring temperature (low/high).

High-Temperature Co-�red Ceramic (HTCC)

High-Temperature Co-�red Ceramic circuits are usually based on alumina or aluminum
nitride (the latter particularly suitable for for high-power applications thanks to its higher
thermal conductivity). The dielectric layers (with thickness of 100 to 500 µm) are created
from a slurry based on ceramic, glass, binding materials and solvent, with the ceramic
particles having sub-micrometer diameters.

Because of the high temperature (up to 2000 °C) at which the �nal structures are
�red, HTCC modules have to use metals with high melting temperature but poor electric
properties for their metal circuits (e.g. Molybdenum or Tungsten), which increase the con-
ductor loss. External metal interconnects can be plated with metal with higher electrical
conductivity after the �ring, in an attempt to improve the overall loss.

Via holes usually have an aspect ratio of 1:1 with minimum diameter and pitch of
approximately 75 µm and 150 µm, respectively [66,153].

As a result of the �ring, the material volume shrinks of about 20%, mostly because of
the evaporation of solvents, which has to be taken into account in the design phase [153].

Low-Temperature Co-�red Ceramic (LTCC)

Low-Temperature Co-�red Ceramic are manufactured from green tapes and can produce
structures of up to 100 layers [135], allowing the development of highly integrated systems.
The fact that the �ring temperatures are in the 850-900 °C range allows the usage of gold,
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silver or even copper for interconnects, thus reducing the conductors loss in comparison
to HTCC. Resolutions of 25-100 µm are achievable on the top metallization layers by
using photo-image techniques [166]. Another advantage of low �ring temperatures is the
possibility of creating buried or surface resistors, which increases the integration capability
of LTCC systems. LTCC materials are also subject to 10-15% shrinkage after �ring,
although new formulations allow to reduce this inconvenience to negligible values (less
than 1%) [167].

Via holes can be manufactured by punching or laser drilling, with a diameter of 100-
200 µm and an accuracy which is in the order of 5-20 µm, and are �lled using thick-�lm
paste, which also enables their usage as thermal vias [66].

LTCC manufacturers make use of dielectric green tapes that, although mechanically
less robust than ceramics used in HTCC, have a lower dielectric loss; together with the
low-loss metallization, this makes LTCC circuits more suitable for mm-wave applications
[168,169], in spite of their cost, that can be up to 30% higher than that of similar HTCC
technology [163].

3.4.4 Printed Circuit Technology

Printed circuit technology is a well-established manufacturing technology, based on stan-
dard low-cost processing steps, which can be employed in the development of electronics
system from very-low frequency up to the mm-wave range. However the resolution re-
quirements of circuits working at frequencies above 50 GHz need particular attention in
order to achieve good performance.

Printed circuit boards are developed from dielectric layers, whose top and bottom
sides are generally laminated with copper. The most common ways to achieve this sand-
wiched metallization is based on either rolled or electrodeposited copper foils [170]. Rolled
copper is generally more �exible and shows a RMS surface roughness (∆) value of 0.4 µm
at the dielectric side and 0.3 µm at the top side. Electrodeposited copper foils for high-
frequency applications are generally rougher (∆ ¤ 2µm), but with special re�ning steps -
in which treatment layers are added to improve the adhesion to the dielectric - can achieve
surface roughness of 0.5 and 0.3 µm at the dielectric and top side, respectively [171]. The
surface roughness increases the overall loss of the circuits, as discussed in section 2.1.4,
and must be therefore carefully taken into account in the design phase: Assuming the
optimistic average roughness value of 0.4 µm already increases the theoretical conductor
loss of printed circuits by a factor αc, rough � 1.8, considering a skin depth of � 2.5µm at
frequencies above 50 GHz and using equation 2.1.23. The metal layers are processed using
a photoresist covered by a mask generated with high-precision camera and subsequently il-
luminated with ultraviolet light. For higher frequencies applications a laser direct imaging
(LDI) might be employed, in order to achieve a better resolution. After the exposition,
the substrate is immersed in a developer which removes the exposed parts of the pho-
toresist to allow etching of the copper. The boards are �nally freed from the remaining
photoresist, rinsed in water and dried. The �nal processing step consist of the milling of
the panel to separate the single circuits, which can have any arbitrary shape compatible
with the size of the tip used in the cutting process. Each panel can have dimensions ap-
proaching 0.5 square meters, which allows the development of hundreds or even thousands
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of circuits at the same time. Double-side circuits can be created and multi-layer designs
(with up to 50 layers [172]) are made possible by using adhesive layers or other assembly
techniques. Elements such as resistors can be mounted on the external sides or buried
within multi-layer boards and metallized (plated or �lled) via holes can be created for
grounding purposes, heat-removal or to create three-dimensional interconnects. Several
surface �nishes based on silver, metal, tin, gold and lead are available to the designers:
In particular, an electroless nickel immersion gold (ENIG) metallization is generally pre-
ferred in order to avoid oxidation and corrosion and to simplify the wire-bonding and
other assembly processes [170]. PCT boards have to withstand temperatures of up to 150
°C, as several bake-outs might be performed in order to remove volatile substances. For
multi-layer assembly and soldering purposes, temperature higher than to 300 °C might be
necessary in order to melt the adhesion layers.

Process Tolerances

Resolution and Etching Tolerances Tolerances on the line width can be estimated in
the order of 10% of the width, with the actual accuracy depending on the quality of the
process, the size of the panel and the thickness of the metallization layers. As rule of
the thumb, it can be assumed that minimum realizable strip width PCT metal is twice
the thickness of the metallization [173], although for very thin metallizations (eg. 9 µm
thickness) this might exceed the limits of state-of-the art photolithographic systems, whose
minimum achievable line/gap width is in the order of 50-100 µm.

The impact of etching tolerances on the impedance of a GCPW has been analyzed
using HFSS and the results have been summarized in Fig. 3.1. The nominal model,
designed to have an impedance of �50 Ω in the 60-85 GHz range and shown on the left
side of Fig. 3.1-a, is based on a substrate thickness H = 127 µm, a metallization thickness
T = 17 µm, a line width W= 340 µm, a gap width G = 150 µm, and a perfectly vertical
etching pro�le. It can be seen from Fig. 3.1-b that for a line width tolerance of �10%
(W = 374 µm and 306 µm, respectively) an impedance change of up to 5 Ω (10%) can
occur, which corresponds to a RL of at least 25 dB, a value that is not of concern in most
applications. Figure 3.1-c additionally shows the impact non-vertical etching pro�le, for
both acute and obtuse etching angles, as shown on the right side of Fig. 3.1-a: It can be
seen that for the con�guration under consideration, this is a less crictical issue than the
absolute inaccuracy on the width of the signal line.

Substrate Thickness The thickness of the dielectric layers of commercial laminates can
exhibit tolerances of �10%. This obviously a�ects the characteristic impedance of the
lines, as shown in Fig. 3.2, with an impact which is comparable to the one of etching
inaccuracies: In fact, a change of the characteristic impedance in the order of 10% is seen
in this case too. The same con�guration depicted on the left side of Fig. 3.1-a has been
used for this simulation.

Via Holes Drilling of via holes encounters several limitations, connected with the sub-
strate thickness and the accuracy of the equipment. A general rule of the thumb is that
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Figure 3.1: Front view of GCPW based on RT/duroid 5880 laminate (a) and impact of the
line width (W ) tolerance (b) and of the etching angle (c) on its characteristic
impedance of a GCPCW. The solid thick line represents the results obtained
with the nominal values.

Figure 3.2: Impact of substrate-thickness (H ) tolerance on the characteristic impedance of
a GCPW based on RT/duroid 5880 laminate. The solid thick line represents
the results obtained with the nominal value.
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the aspect ratio (height to diameter) of via holes cannot exceed 6 to 12, therefore thin-
ner laminates are preferred in order to achieve thin via holes3. The thinnest laminates
have a thickness in the order of 130 µm, which would allow a diameter limit (�20 µm)
that cannot be reached because of the size of the mechanical drilling systems: In fact,
the minimum via holes diameter (Dvia) achievable by standard manufacturing processes
is in the order of 100-200 µm, with the 100 µm achievable only employing special laser
drilling machines and not always practical on all laminates because of mechanical insta-
bility. The aspect-ratio limit identi�ed above plays a more important role in multi-layer
boards, in particular for through-hole vias, i.e. via holes crossing all layers4, thus limiting
the maximum number of layers to 5 or 6, if thin diameters are required.

The minimum distance (pitch) between two adjacent via holes is limited by the
drilling positioning tolerance, which makes necessary to create rims (or catch-pads) around
the nominal drilling position of each via hole center, as shown in Fig. 3.3. The typical
drilling positioning accuracy is currently in the order of 100 µm, thus imposing a diameter
of the rim contour given by: Drim � 2�100µm�Dvia. The minimum pitch pmin coincides
with the rim diameter and it can be therefore calculated that using �rst-class equipment
allows pitches in the order of 350-400 µm.

In GCPW circuits, where the via holes help prevent loss due to parasitic modes, the
pitch between via holes plays a crucial role for the correct functioning of the design: In
fact, it has been introduced in section 2.1.5 that the pitch should not exceed one quarter
of wavelength within the substrate (λr � λ{?εr). Therefore the maximum operational
frequency of GCPW circuits is given by:

fmax � c0

λmin

� c0?
εr λr,min

� c0?
εr pmin{0.25

(3.4.1)

where c0 is the speed of light in vacuum. Assuming a dielectric constant of 2.2 and
minimum via diameter of 100 µm, the maximum working frequency can reach 160 GHz,
while a more common via diameter of 200 µm lowers it to 126 GHz. A smaller rim diameter
also reduces the minimum distance of the via holes from the edges of the ground plates
(Fig. 3.3), which has to be minimized to improve the suppression of high-order modes
and resonances, as explained in section 2.1.5. It is important to notice that the calculated
limits are based on empirical rules for the dimensioning of the via-holes pitch. Therefore
higher operational frequencies might be acceptable, if some trade-o�s on power leakage
are accepted.

In SIWs, the pitch of the via holes should not be larger than one quarter of the in-
substrate wavelength corresponding to the highest intended frequency of operation (usually
1.9 fc,TE10

), nor larger than twice the via diameter, in order to exclude band-gap resonances
and reduce radiation loss (see section 2.1.6). Considering a pitch of 400 µm and a diam-
eter of the via holes of 200 µm, simulations have been performed in order to verify the

2Note that special techniques, such as peck drilling and pulse drilling, can be used to achieve aspect
ratios larger than 10 [172].

3This is not always the aim of the designer, as large metal-�lled via holes are also used to remove heat
from the layers hosting active elements.

4Other via holes types are are blind vias (connecting internal layers to the top or bottom plates) and
buried vias (crossing one or more internal layers)

64



3.4 Processing Technologies

Figure 3.3: Con�guration of via holes on the lateral ground plate of GCPW.

suitability of PCT SIW in the W-band and above, as shown in Fig. 3.4. A RT/duroid
5880 substrate with nominal tanδ and smooth metallization is assumed in the simulated
model: The nominal width of the SIW is 1.3 mm, while the substrate thickness is 127 µm.
It can be seen that the line is perfectly able to con�ne the EM �eld up to 150 GHz and
no signs of degration are visible from the simulated S-parameters.

Dielectric Constant and Loss Tangent The dielectric constant of the substrates changes
as a function of frequency. Manufacturers provide values measured at speci�c frequencies
to be used as design reference. However, changes in the εr can lead to resonance shifts
in �lters, resonators and antennas, as well as to changes of the lines' impedance, thus
compromising the functionality of the circuit. For mm-wave applications it is therefore
important to use materials whose dielectric constant has a low value, as this reduces the
impact on the circuit features, and that is relatively stable over frequency. As an example,
the RT-duroid 5880 (with a nominal εr � 2.2) which has been used as candidate for mm-
wave design in most of the examples presented so far, has been proven to have a stable
dielectric constant in the mm-wave range (εr � 2.24 at 60 GHz) [174]. Comparable results
have been found for other mm-wave laminates [174, 175]. Similarly, LCP substrates have
been demonstrated to have stable dielectric constant (less than 5% variation) up to 110
GHz [176].

The tanδ has a direct impact on the overall loss of the lines, therefore it is required
that its value remains low in the mm-wave range. PTFE-based and LCP laminates are
generally characterized by manufacturers only up to the lower GHz range. Experimental
studies available in literature show that low-loss organic substrates can be used at frequen-
cies above 100 GHz, although their dielectric loss might be higher than the nominal one:
The tanδ of LCPs has been found to have an increase of 30% [174] in the low-mm-wave
range, and is expected to increase at higher frequencies (a peak of 90% increase has been
found at 90 GHz in [176]). Similarly, the tanδ of the RT/duroid 5880 has been measured
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Figure 3.4: SIW for operation above 100 GHz: S-parameters (left) and electric �eld dis-
tribution for di�erent frequencies (right).

to reach levels of 0.02 at frequencies above 100 GHz [177], a value which is 20 times larger
than the nominal 0.0009.

3.4.5 Modeling PCT Lines for mm-Wave Applications

Predicting the actual characteristics of a designed transmission line can be challenging, as
these depend on the accuracy of the manufacture, on the surface �nish, on the tolerances
of the metal and dielectric layers, and on the measurement environment. To produce
accurate estimations during the design phase, prior knowledge should be acquired in order
to set correct values for the parameters of EM simulations.

Rather than trying to model all phenomena separately, it is convenient to model all
losses through an increased �ctive tanδ, which has the advantage of not increasing the
computational time required by the simulations. It is particularly appropriate to actually
consider a 1-cm line for this kind of comparative study, as this allows the straightforward
calculation of the attenuation constant (in dB per centimeter) of the PTL, as it will be
shown in the following.

1-cm GCPW

Figure 3.5-a shows a 50-Ω 1-cm GCPW line built on a 127-µm-thick Rogers RT/duroid
5880, with a �nal metallization thickness 5 of �35 µm. It can be seen in Fig. 3.5-b that

5The laminate has rolled copper metal layers with a thickness of 18µm, which is then increased by the
plating of the via holes and �nally treated with an ENIG process.
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HFSS simulations of this line predict less than 0.5 dB/cm in the 70-75 GHz range6, if the
nominal tanδ is adopted in the model and no surface roughness or other non-idealities are
considered (black dashed line). On the other hand, the measurement of the attenuation of
the same structure (obtained after subtracting the measured S21 of the same thru used for
the calibration, also shown in Fig. 3.5-a7, from the measured S21 of the line) show that an
attenuation of more than �1.5 dB/cm occurs in actual prototypes (orange solid line)8. It
is however su�cient to consider a tanδpGCPWq = 0.015 in the simulation in order to have
a correct estimation of the average loss, as clearly shown by the blue dotted line in Fig.
3.5-b.

Figure 3.5: 1-cm GCPW line and thru (a) and the measured and simulated S-parameters
of 1-cm-long PCB GCPW (b).

1-cm SIW

A similar characterization has been performed for SIWs designed to have an operational
bandwidth of 35-70 GHz on a 381-µm-thick Rogers RT/duroid 5880 with an overall thick-
ness metallization 9 of �35 µm. This experiment focuses on the 57-64 GHz range, as its
results will be used to model the 60-GHz integration platforms introduced in chapter 5.

6This frequency range has been considered in order to �t with the available measurement equipment and
the target frequency of the designs introduced in chapter 4.

7The full calibration kit used for this measurement is shown in appendix D.1.
8The oscillations visible in the measurements are probably due to minor impedance mismatch caused by
over-etching.

9Also in this case, the laminate has rolled copper metal layers with a thickness of 18µm, which is then
increased by the plating of the via holes, and an ENIG surface �nish.
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In this case, two GCPW-to-SIW transitions10 have been used to connect the coaxial con-
nectors used to launch the signal into the laminate with the SIW. Two SIWs with di�erent
lengths have been inserted between the GCPW-to-SIW transitions, resulting in the two
prototypes shown in Fig. 3.6-a. Thus the attenuation for 1-cm SIW has been calculated
using the formula:

α � �S21,1�cm�SIW � S21, long � S21, short

L2 � L1

(3.4.2)

where α is expressed in dB/cm, the measured S-parameters of the short and long proto-
types are expressed in dB, and the lengths L1 and L2 in cm. It can be noticed in Fig. 3.6-b
that, while simulations of the SIW line based on the nominal tanδ = 0.0009 suggest an
attenuation of 0.17 dB/cm (black dashed line), the actual measured loss is approximately
0.23 dB/cm, as indicated by the S21 extracted using equation 3.4.2 (orange solid line)11.
This situation can be recreated in simulations using a tanδpSIWq = 0.0015, as shown by the
blue dotted line, which clearly suggests that SIW are intrinsically less prone than tradi-
tional PTL to undesired loss, if the design rules introduced in section 2.1.6 are respected,
and their usage in mm-wave applications is strongly recommended, whenever possible.

Figure 3.6: Prototypes of GCPW-to-SIW transition with short and long SIW (a) and the
measured and simulated S-parameters of 1-cm-long PCB SIW (b).

Note that, as it will be shown in section 5.3, when simulating circuits based on a
combination of traditional PTL and SIW, it is fundamental to model the di�erent sections
of the substrate with the appropriate �ctive tanδ (one to account for the minor increases
loss in SIWs and one for the more critical loss introduced by GCPW). For instance,

10The model of the used GCPW-to-SIW transition will be introduced in section 5.3.1 and in particular
in Fig. 5.5.

11The larger ripples visible in the 57-59 GHz range are due to di�culties in the alignment of the coaxial
connectors to the GCPW lines and should therefore be considered as artifacts [178].
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for the circuit and substrate con�guration presented in Fig. 3.6-a, the combination of
tanδpSIWq = 0.0015 and tanδpGCPWq = 0.01 gives the best matching between simulations
and measurements. In this case the tanδpGCPWq is lower than the one calculated in the
previous section (tanδpGCPWq = 0.015), as the substrate thickness is larger and therefore
more �eld of the wave travelling along the GCPW is actually con�ned in air: Excessively
increasing the tanδ of the substrates would therefore lead to an over-estimation of the
loss, as the �ctive tanδpGCPWq includes the impact of surface roughness and other non-
idealities and has been derived considering a speci�c line cross-section. Furthermore, the
considered frequency is lower in this case, and the loss tangent calculated for applications
above 70-GHz would have an excessive impact on a 60-GHz circuit, even if built on the
same laminate, as the theoretical dielectric loss is proportional to the frequency of the
propagating signal (see equation 2.1.2).

3.5 Bonding Technologies

Bonding technologies are used to establish electrical connections between chips and pack-
ages or carriers.

3.5.1 Bond Wires and Bond Ribbons

Bond wires are the most common type of �rst-level interconnect. They are thin cylindri-
cal wires (common diameters are 17 and 25 µm) which extend between two metal contact
pads (Fig. 3.7-a). The preferred material for bond wires is gold, although aluminum and
copper bondwires might be used in order to reduce cost in high-volume applications.

Figure 3.7: Simpli�ed model of bond wires (a) and bond ribbons (b) connecting coplanar
pads on two di�erent substrates.

There are several techniques to attach the bond wires to the metal pads (ultrasonic bond-
ing, thermocompression bonding, and thermosonic bonding), as well as multiple contact
shapes, namely the ball-and-stitch and the wedge contacts. Wedge bond wires are usually
preferred for higher-frequency applications because this approach allows a reduced overall
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length of the bond [153], although thermosonic ball bonding is preferred for the integration
of brittle optoelectronic chips, as this reduces the risk of chip damages [179].

The actual shape of the bond wires depends on the initial chip-substrate con�gura-
tion and the bonding process. Accurate modeling can be performed for all segments of
the wire and resonant-circuit or transmission-line models can be constructed in order to
predict their performances [72, 153]. Nevertheless, a �rst estimation of the impact of the
bond wire on the signals can be performed by modeling its self-inductance Lbond as that
of a wire in free space [180]:

Lbond � 2

�
l ln

�
2l

r



� 1

�
rnHs (3.5.1)

where l is the total length of the bond wire and r is the radius of the wire, both given in
cm. It has been shown that the maximum allowed bond wire length (for a RL higher than
10 dB) is 0.033 λ0 (the wavelength in air of the operating frequency) [181]: This means
that the maximum bond wire length is 100 µm already at 100 GHz, as shown in Fig. 3.8.
Considering that the thickness of optical chips is generally in the order of 100-200 µm, this
is impossible to achieve in chip-on-substrate con�gurations. Even considering additional
aligning techniques, such as a cavity in order to place the chip and align its metal contact
to the ones of the board (side-by-side bonding)12, it can be challenging to draw such short
interconnects because of the excess of dielectric which might extend out of the chip contact
pads or the laminate transmission line13, as well as because of the intrinsic elevation of
the bond wire from the chip.

Figure 3.8: Maximum allowed length of mm-wave bond wires and ribbons to achieve a RL
of at least 10 dB.

Using bond ribbons (Fig. 3.7-b) rather than bond wires considerably reduces the
inductance of the interconnect [181] and therefore opens up the possibility of using longer
bonds, with the maximum length for 10-dB RL given by 0.063 λ0, as shown in Fig. 3.8.

12See Fig. 4.32 for an example.
13Examples of alignment techniques are shown in Fig. 4.26.
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Unfortunately the bond ribbon technology is less developed and �exible: Ribbons can
be drawn in one direction only and at speci�c point, therefore requiring rotation and
mechanical translation of the modules, thus slowing down the assembly operation.

For both wire and ribbon bonds, compensations techniques aimed at reducing the
wire inductance or cancelling at a speci�c frequency can be used to improve the perfor-
mance of the bonds: They can be based on matching stubs [182, 183], on using several
wires in parallel con�guration14, or on choosing a capacitive bonding point on unmatched
circuits.

3.5.2 Flip-Chip Bonding

Flip-chip bonding is an excellent technique suitable for mm-wave applications because
it drastically reduces the length of the interconnect, by attaching the chip output pads
directly to the substrate metallization using bonding bumps, as depicted in Fig. 3.9.

Figure 3.9: Flip-chip interconnect.

Flip-chip transitions depend on a number of physical parameters, although a sim-
pli�ed model essentially features a shunt capacitance [185] and their performance can be
improved by minimizing the size of pads and bumps and increasing the pitch of the ground
bumps, in the common case that �ip-chip is based on coplanar-like structures. Flip-chip is
particularly suitable for mm-wave interconnects, as it not only shows lower insertion loss
and higher return loss than wire bonds and ribbons, but also have a non-resonant behavior
thanks to their relatively compact dimensions [186]. Nevertheless, problems might arise
from the interaction of the chip with the carrier metallization (dielectric overlap) or with
the epoxy under�ll that is sometimes used in order to facilitate the bonding process and
make it more stable, as this will a�ect the properties of the transmission lines and other

14Using more than two wires per pad does not further improve the performance because of the increased
mutual inductance [184]. Furthermore, it can be very challenging to bond more than two wires on the
same chip pad.
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resonant structures on the chip (detuning), as well as cause additional dielectric attenua-
tion. These problems should be addressed in the design phase, when possible, but this is
not feasible for general-purpose chips.

The usage of the �ip-chip approach to integrate chips on PCB laminates can have
additional drawbacks due to the generally large-sized pads (the minimum resolution of
PCT technology is in the order of 50-100 µm) and the low-εr substrates, which are the
preferred choice for mm-wave applications: This requires larger pads on the chip and
therefore uses a large amount of semiconductor area. Thin dielectric substrates15 are
preferred for �ip-chip integration, as they help achieving the desired impedance of the
pads, in spite of the size constraints [187].

Similarly to the case of bond wires and ribbons, matching circuits aiming at canceling
the capacitive behaviour of the structure can also be used to locally improve the perfor-
mance of �ip-chip interconnects, if this is required by the speci�c application [182,185].

3.5.3 Other Interconnecting Techniques

Besides the above mentioned well-established techniques, other approaches have been con-
sidered by the research community in order to transfer signals from chip to chip or from
chip to motherboard.

Electromagnetic Coupling

In order to avoid the assembly issues due to long wires and tight control of the bump size,
EM coupling between quarter-wave coupled lines can be used. This approach is relatively
simple and does not show the low-pass characteristic of wires, ribbons and �ip-chips, but
it is resonant in nature and is generally not used for broadband interconnects [188].

MicroCoax

An evolution of the classic bond-wire interconnect is the microCoax [66]. It is essentially
a very compact coaxial transmission line, that is grown around a bondwire, which thus
becomes the internal conductor: At �rst a plastic layer is deposited around it in order
to serve as dielectric spacer, then a second metallization is used to create the coaxial
ground layer, as shown in Fig. 3.10. This means that an actual transmission line with
controlled impedance and guiding characteristic is used to connect the chip and the board
pads and therefore no mismatch nor radiation occur. The bandwidth of microCoax bonds
is only limited by the appearance of higher-order modes of coaxial structures: The corre-
sponding cut-o� frequencies are inversely proportional to the physical dimensions of the
line (see equation 2.1.17), therefore the operation of microCoax bonds can be considered
monomodal up to the limits of the W-band. MicroCoax connections have been proven to
introduce less than 1 dB of attenuation and to have a RL of at least 20 dB in the whole
0-115 GHz, even for the exceptional bond length of 2.2 mm [66].

15Laminates based on LCP are therefore particularly useful, as the suppliers provide LCP substrates with
a thickness smaller than 100 µm.
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Unfortunately, this technology is very expensive, as it requires a number of processing
steps (creating the bond wire, adding the dielectric coating, laser drilling to create the
connecting via hole to which the the coaxial is connected to the board, and the �nal
selective metallization) and is therefore currently only suitable for demanding high-end
applications (military and space modules).

Figure 3.10: MicroCoax interconnect between a carrier (board) and a chip. Adapted from
[66].

3.6 Module Housing

A fully packaged module is often fully or partially enclosed in an approximately rectangu-
lar metallic box, which reduces its susceptibility to interferences and protects the circuitry
from electrical and mechanical shocks. This could lead to the excitation of cavity reso-
nances, which form standing waves within the package and can compromise the isolation
between circuits and the functioning of the module above the cut-o� frequency f101 of the
�rst resonant mode, which can be estimated from [58]:

fmnp � c
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(3.6.1)

where c is the speed of light and B<A<C are the dimensions of the package and n, m, and
p are the corresponding modal indices. Packaged modules actually are partially loaded
cavity resonators with complex geometry due to the substrate, the chips and the surface-
mount components; the e�ect of substrates can be neglected for for thin dielectric carriers
with low εr, therefore, if the chips are small in comparison to the package, the simple
metallic resonator o�ers a good approximation for the estimation of the �rst resonant
frequency. In the mm-wave range it is usually impossible to keep the dimensions of the
package below half of the wavelength corresponding to the maximum frequency of interest,
i.e. C   λmax/2, as this corresponds, for instance, to 3 mm at 50 GHz and 1.4 mm at
110 GHz, which are comparable to the dimensions of a single chip. Therefore additional
techniques have to be used to suppress or weaken the resonances, such as absorbing foams

73



3 Hybrid Optoelectronic Integration Technologies

injected into the package [189] or lossy dielectrics and resistive coatings deposited on the
walls of the housing [190,191]. The partitioning of the package in cabinets and the usage
of metal diaphragms [192] as well as additional planar circuits [193] can also be used to
alter or dampen the resonant modes.

3.7 Conclusions

In this chapter the issues related to integration of PD modules for mm-wave operation
have been addressed.

Both monolithic and hybrid integration have been considered and their advantages
and disadvantages have been compared. Although monolithic integration has a poten-
tial for reducing losses and developing more compact devices, it is more expensive and
sometimes even impossible due to incompatibility of materials and processes required for
di�erent elements (lasers, ampli�ers, PD, low-loss lines). Hybrid integration is therefore
currently necessary to the development of new modules with more functionalities, and
additionally has the advantage of being particularly suitable for prototyping and fast
time-to-the market applications.

We have thus introduced the di�erent processing technologies available for the de-
velopment of hybrid integration platforms (thin-�lm, thick-�lm, LTCC, HTCC, PCT),
analyzing their properties and resolution possibilities. Thin-�lm circuit development is
the process that currently guarantees the highest line resolution and accuracy, therefore
its use is widespread for mm-wave optoelectronic applications. However, the very ex-
pensive equipment, the lengthy manufacturing process, and the low yield of the process
make the use of more e�cient technologies, such as PCT, desirable in order to support
consumer-driven applications. We have considered sources of uncertainty and tolerances
(e.g. etching inaccuracy, substrate thickness, and other electrical and mechanical param-
eters of PCBs), and we have discussed their impact on mm-wave boards. Although each
parameter only introduces tolerable deviations on the characteristics of the transmission
lines, their combination could impact particularly sensitive structures, such as resonant
lines and �lters. However, this phenomenon can be kept under control with preliminary
investigations and simulations, as it will be shown by the examples introduced in chapters
4 and 5.

Measurements of SIW and GCPW lines in the 60-GHz and 70-GHz bands have shown
that the signal attenuation due to radiation, surface roughness and dielectric loss can be
e�ectively estimated by using opportune values of arti�cial tanδ. We have demonstrated
that the intrinsic radiation-free nature of the SIW makes it more reliable in comparison
to traditional planar technology, proving an excellent correlation between experimental
and ideal simulated results. The demonstrated low-loss property of the SIW makes it
particularly desirable for applications in the mm-wave, especially in cases in which long
on-board signal traveling paths are required.

We have highlighted that via holes play a fundamental role, as they ultimately de-
cide the highest possible frequency, independently of other parameters like conductor and
dielectric loss, or etching inaccuracies. Via holes are vital to guarantee a correct func-
tioning of both GCPW and SIW, by avoiding board resonances and interferences between
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di�erent lines. We have estimated that the current via hole technology clearly allows
the development of PCB up to at least the upper limit of the W-band, although higher
operational frequencies might be achieved, as far as the increased radiation loss does not
compromise the functionality of the circuit. Some recent examples of PCB integration in
the 80-120 GHz range can be found in [187,194].

We have furthermore analyzed well-established bonding technologies (bond wires and
ribbons) used to connect the chips to the carrier, showing that their usage at mm-wave
frequencies is appropriate. Although �ip-chip interconnects generally o�er better perfor-
mance above 100 GHz, their usage on low-εr laminates might not be feasible because of the
required pads spacing. Alternative solutions aiming at simplifying the assembly or reduc-
ing the loss of the interconnect have also been considered and their bene�ts highlighted,
although their usage is limited to speci�c conditions and applications.

Finally, the impact of metal housings on the circuit performance has been analyzed,
highlighting that special countermeasures are necessary in the mm-wave range in order
to avoid the excitation of cavity resonances within the packaged module, which would
compromise the functionality of the system.
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4 PCB Integration Platforms for

mm-Wave Photodiodes Modules with

Rectangular Waveguide Output

As introduced in chapter 1, the E-band has very peculiar characteristics that make it
attractive for high-speed wireless communication, which led the worldwide allocation of
the 70/80 GHz bands for point-to-point wireless communication. In order to minimize the
risk of interference between adjacent systems/links and increase frequency reuse, regulation
bodies request the usage of very high-gain antennas with WR input connectors (see section
1.2). Consequently, commercially competitive RoF systems require the development of
integrated PD modules featuring a WR port, as the attention given to this topic by
the research community in the last years proves. In fact, several approaches have been
suggested to couple the output of the PD chip to a WR, generally making use of probes
placed across the WR opening [28�31] or inserted into the WR [32�36]. The circuit
manufacturing technique required for the proposed designs (thin-�lm) makes the packaging
of PD modules rather expensive, due the high cost of the equipment and the low yield of
the assembly processes, which is limited by the small size of the processed substrates and
the split-block and waveguide machining (e.g. in [28, 34, 35]) necessary to manufacture
and assemble non-standard elements, such as reduced-height waveguides. None of the
mentioned approaches provide a mechanical enclosure of the WR opening, thus allowing
moisture and particles to penetrate into the module, which can cause malfunctioning and
failure of the system. Therefore additional sealing components are required in order to
provide an enclosure without excessively compromising the transmission [37].

On the basis of the results introduced in chapter 3, where it has been asserted that
PCB technology can theoretically be used for the development of mm-wave modules up to
the W-band, and where the actual losses of PCB PTLs have been veri�ed experimentally
in the 60/70-GHz bands, this chapter will introduce several integration platforms entirely
based on PCT: We aim to develop compact, cost-e�ective, E-band PD modules with WR
output, as an alternative to the integration concepts mentioned above.

4.1 Photodiode Module with Rectangular Waveguide

Output

The proposed integration concept [51] is depicted in Figure 4.1. It is based on the inte-
gration of an E-band PD featuring a GCPW output with a GCPW-to-WR-12 transition
created on a PCB laminate, which couples the �eld into the WR through slots etched
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in the ground plane. The usage of laminates with low moisture absorption as dielectric
carrier allows therefore the development of quasi-hermetic packages without the need of
additional radomes, provided that a hermetic housing is connected to the top side of the
assembly. All designs and experimental validations presented in this chapter are based on
a 127-µm-thick Rogers RT/duroid 5880. The choice of a thin laminate was dictated by the
need to reduce radiation loss, as some design elements represent sensitive discontinuities
prone to radiation. Furthermore, using thinner substrates help excluding the excitation
of unwanted parasitic modes and having a more uniform �eld in GCPWs, reducing the
current density at the lateral edges of the signal trace.

The PD chip and the laminate are connected via bonding wires or ribbons and share
a metallic submount for mechanical and grounding purposes. The laminate can be aligned
and secured to the WR using the conventional pins and screws of standard WR �anges
(the alignment holes are visible in Fig. 4.7), thus dramatically simplifying the assembly
procedure in comparison to previously reported alignment concepts, as discussed in section
1.4.

Figure 4.1: Integration concept for a PD module with WR output.

4.2 Quasi-Hermetic GCPW-to-WR Transition

Millimeter-wave PDs generally have a 50-W CPW or GCPW output line that can be
easily connected to similar transmission lines. We have therefore chosen to develop a 50-W
GCPW transmission line etched on the mm-wave laminate, to which the output of the PD
is bonded. The additional ground layer of the GCPW and the metal-plated via holes used
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to suppress high order modes within the substrate enable a more e�cient heat removal
from the PD chip or other active elements, such as ampli�ers, that could be included in
the design (see section 4.3.3). It also helps to con�ne the majority of the EM �eld into the
laminate, leading to an improved coupling e�ciency into the WR and reduced undesired
radiation. In the design phase, special attention has been given not only to the theoretical
optimization of the individual sub-blocks, but also to the analysis of practical construction
constraints and design rules, in order to develop an integration concept that can actually
be manufactured using commercially available PCT.

Based upon the guidelines reported in [195], a double-slot antenna has been designed
for operation in the 71-76 GHz wireless communication bandwidth in order to couple the
signal from a 50-Ω GCPW to the WR, as using a double-slot coupling rather than a single
slot allows an extended frequency range [196, 197]. In fact, as it will be shown in the
following, the transition exhibits a broadband behaviour and it would be possible to use
it for systems working in both 70/80 GHz bands (e.g. for transceiver or for dual-channel
applications); however, for practical purposes (characterization, experimental system vali-
dation) the design process has been carried out focusing on the optimization for operation
in the 71-76 GHz band. The two slots are etched on the bottom ground (see Fig. 4.2-b),
while a matching structure is used on the top side (see Fig. 4.2-a) of the laminate in order
to reduce the radiation into free space and improve the coupling. The best way to analyze
the behaviour of the transition is by considering a signal coming from the WR that has to
be coupled to the GCPW [198]. The two waves excited by the two slots into the substrate
are in opposition of phase (as shown in Fig. 4.3-a) and cancel each other in the center of
the transition, while they are free to propagate away from the transition along the central
GCPW lines, as shown in Fig. 4.3-b. On one side, the GCPW is short-circuited, therefore
the wave is re�ected back and is allowed to join the other wave by traveling along the guid-
ing lines that encircle the coupling point (see Fig. 4.3-b). A similar coupling mechanism
occurs when a wave coming from the GCPW input has to be coupled into the WR.

Figure 4.2: Detailed view (top and bottom) of the GCPW-to-WR-12 transition.
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Figure 4.3: Working principle of the GCPW-to-WR transition: (a) View of the waves
excited by the two slots (only the bottom ground of the laminate is shown);
(b) view of the waves traveling along the transmission lines and matching
structures on the top side of the laminate.

In order to achieve a perfect match at 73 GHz, the shape of the coupling slots
has been modi�ed by adding a shorter notch in the internal side (see Fig. 4.2-b) and
by inserting a 1-mm-long capacitive line (Z0=45 W) between the GCPW port and the
transition (see Fig. 4.2-a).

To prevent the excitation of higher-order modes, and in particular to suppress the
patch-antenna resonances that can be established between the two metal layers of the
substrate (see section 2.1.5), an EM wall has been created in proximity to the GCPW
signal line, connecting the bottom and top ground layers with a fence of metal-plated
via holes. Figure 4.4-a shows an exploded view of the transition optimized for the 71-76
GHz range. As it can be seen, the via holes have been placed as close as possible to
the transmission lines and the coupling slots, respecting the guidelines for commercially
available PCB manufacturing techniques.

The GCPW-to-WR-12 transition has been modeled and optimized using the com-
mercial software tool Ansoft HFSS. The dimensions of the optimized design are given in
Appendix B.1. The simulated performance of the transition is shown in Fig. 4.4-b. It can
be seen that the simulated IL is less than 2 dB from 62 to 82 GHz (black line), with �1.5
dB in the 71-76 GHz range. These results are based on a dielectric with nominal tanδ
= 0.0009 and perfectly smooth conductors. A more reliable estimation of the measurable
loss of the transition, which takes into account the modeling considerations suggested in
section 3.4.5 (tanδ = 0.015), is given in the same plot (red line) and shows that up to
�1 dB of additional loss can be expected to be found during experimental characteriza-
tion. Within the mentioned 62-82 GHz range, the RL at the WR port is higher than 12
dB (pink line), while the RL at the GCPW port is higher than 18 dB (blue line). The
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transition has been designed in order to achieve the best performance in the 71-76 GHz,
where the expected maximum IL is �2.5 dB and the RL is higher than 25 dB. Figure 4.5
further shows the propagation of the 73-GHz electric �eld in the structure: Due to the
thin substrate, the electric �eld is concentrated within the substrate and in proximity of
the GCPW gaps, and is then conveyed into the WR.

Figure 4.4: Exploded view of GCPW-to-WR-12 transition (a) and its simulated S-
parameters (b). Port 1 is located at the GCPW input and port 2 is located at
the WR-12 output.

One of the most challenging assembly issues may derive from the alignment of the
WR. Therefore, alignment holes have been included in the prototype laminates (see Fig.
4.7), in order to pro�t of the pins of a standardWR �ange to achieve a correct positioning of
the transition. The accuracy of this solution is limited by the drilling alignment precision of
the PCB manufacturer, which is estimated to be in the order of 100-200 µm, depending on
the accuracy of the adopted equipment (see section 3.4.4). The impact of the misalignment
on the assembly has been analyzed by means of HFSS simulations1. Figure 4.6 shows that
a misplacement of the WR away from the GCPW port is more severe than one in the
opposite direction. However, in both cases, even a displacement of 200 µm can still be
accepted, as the RL at the GCPW port would still be higher than 10 dB; at the same
conditions, the RL at the WR port can decrease down to 7 dB, although this parameter

1Only longitudinal misalignment (i.e. along the direction of the GCPW line) has been considered here,
as lateral misalignment is less crucial thanks to larger distance from the slot edges to the WR contour
in this direction.
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Figure 4.5: Propagation of electric �eld (73 GHz) from the GCPW to the WR-12 output.

is not crucial for the application considered here, where the feeding port is at the GCPW.
The impact on the IL is negligible and has not been reported here.

Figure 4.6: Impact of the misalignment of the WR on the RL at the GCPW port (a) and
at the WR port (b). A shift away from the GCPW port is indicated with
positive numbers, while a shift towards the GCPW is indicated with negative
numbers. The thick black lines, given as a reference, represent the nominal
case (perfect alignment).

In order to facilitate the bonding process and use bond wires of acceptable length
when connecting the PD chip to the laminate, a smaller GCPW con�guration is needed,
therefore a linear GCPW taper, visible in the transition shown in Fig. 4.7) has been
designed. Its geometry has been optimized optimized for achieving a low IL and to allow
optimum coupling (bonding) to the PD as well as to the antenna structure, while always
keeping the impedance of GCPW close to 50 Ω.

Before proceeding to experimental validation, as the equipment available for the
measurements was equipped with WR-15 ports, the performance of the transition has been
simulated with both WR-12 and WR-15 outputs. A comparison of the two simulations,
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Figure 4.7: Manufactured GCPW-to-WR12 transition

which assume a dielectric with nominal tanδ = 0.0009, is shown in Fig. 4.8-a: Clearly,
the IL is only slightly a�ected by the di�erent size of the WR while the RL is reduced
from 18 dB to 15 dB at the GCPW port and from 12 dB to 9 dB at the WR port. The
negligible impact on the IL and the relatively small changes in the transition's RL when
being used with a WR-15 port con�rm the appropriateness of the adopted measurement
equipment.

Figure 4.8: Simulated S-parameters of the transitions from GCPW to WR-12 and to WR-
15.

The �rst experimental validation of the transition was carried out exciting a mm-
wave signal on the GCPW probe through a G-S-G probe2 and measuring the signal deliv-
ered to a mixer with WR-15 input port by means of a spectrum analyzer (SA), as shown
in Fig. 4.9-a. Measurements of the S21 of several fabricated transitions3 are depicted in

2An additional small taper has been added to the end of the GCPW in order to allow the placement of
the G-S-G contacts and launch the signal into the laminate.

3The metal layers of the laminate used in for these prototypes are 9-µm rolled-copper layer, with addi-
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Fig. 4.9-b4 [199]. Although this approach has some uncertainty (due to the placing of
the G-S-G �ngers and the estimated loss of the required interconnects, such as the probe
and the coaxial connector), the measured average IL is �2.5 dB, which is in excellent
agreement with the exptected value mentioned above (see Fig. 4.4). Of further interest is
that the measurements clearly show that, if no metallized via holes are added along the
GCPW, the leakage of the EM power can introduce up to 6 dB of additional loss. The use
of metal-�lled rather than metal-plated via-holes has no in�uence on the RF performance
(see section 2.1.1) and will not be considered in the following.

Figure 4.9: Experimental validation of the GCPW-to-WR transition: (a) Measurement
setup and (b) measured S21 of the transition with (blue dashed line) and with-
out (solid red line) via holes; the values have been obtained averaging mea-
surements of several transitions with via holes (stars) and several transitions
without via holes (circles). The inset shows one of the measured transitions.

For a second experimental characterization, the back-to-back (B2B) setup shown in
Fig. 4.10-a has been used: End-launch connectors connected to VNA ports are used to
launch the signal into the GCPW of one transition, which is then coupled to a WR-12
E-plane bend (bending radius = 2.5 cm; total length of the waveguide �13 cm), which
�nally guides the wave to the second transition, connected in a similar con�guration. In
order to improve the accuracy of the calibration and reduce the impact of connectors
from the measured results, a narrowband TRL calibration based on standards designed
on the same laminate board of the transitions has been used (see Appendix D.1). Two
measurements based on four di�erent prototypes5 are shown in Fig. 4.10-b, together with

tional copper plating and galvanic nickel-gold surface �nish. The total metal thickness is �20µm. The
same con�guration is used for the prototypes shown in Fig. 4.11 and 4.16.

4A calibration has been performed in order to preventively remove the loss of mixer and cables connecting
its output to the spectrum analyzer.

5Due to limited material availability, the metal layers of the laminate used for these prototypes are
18-µm rolled-copper layers, with additional copper plating and ENIG surface �nish. The total metal
thickness is �35µm.
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simulated S-parameters: It can be noticed that the measurements show some variability
due to the accuracy in placing the end-launch connectors and to the tension generated
by the coaxial cables attached to the connectors. Nevertheless, the average IL measured
with this setup in the 70-75 GHz range can be estimated to be 9.5 dB, which includes
the loss of the 1-cm GCPW line added at the input of each transition (shown in the inset
in Fig. 4.10-b) in order to allow the connection of the coaxial connectors, and the loss
introduced by the WR-12 bend, which can be estimated from simulations to be at least
0.5 dB. The measurements show a good agreement with the simulated behaviour of the
same con�guration, as reported in the same plot.

Figure 4.10: Measurement setup (a) and S-parameters of the B2B transition (b).

For a more a broadband characterization, a second B2B setup has been considered
as it is shown in Fig. 4.11. In this case, using the WRs as input ports allows the usage of a
commercial SOLT calibration kit and a mechanically stable connection to the VNA ports.
The two transitions6 are connected by a 2-cm GCPW. A comparison of the measured
and simulated results for this con�guration is given in Fig. 4.12-a, from which a good
overall agreement can be noticed. In particular, in the band of interest (71-76 GHz) the
RL settles around the value of 9 dB for both measured and simulated B2B transitions.
The measured IL is �7.5 dB, whereas the corresponding simulated value is below 5 dB,
when the nominal tanδ is used; using an increased tanδ � 0.015� 0.018 for the simulation
provides an excellent agreement between measurements and simulations, as shown in Fig.
4.12-b. Considering the �2.5 dB of loss ascribable to the 2-cm GCPW line that is used to
connect the two transitions, it is possible to estimate an IL �2.7 dB for a single transition
in the 71-75 GHz range, which suggests that the higher loss - when compared to simulations
- reported in Fig. 4.10 are actually due to the non-idealities of the setup. It is important
to notice that the B2B con�guration shows a �at measured IL in the wide 60-75 GHz
range, with �uctuations smaller than 2 dB.

The importance of using via holes has also been veri�ed with this setup: A com-
parison of the measured S-parameters of the B2B transition with and without via holes

6The metal layers of the laminate used in for these prototypes are 9-µm rolled-copper layer, with addi-
tional copper plating and galvanic nickel-gold surface �nish. The total metal thickness is �20µm.
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Figure 4.11: Left: Model of the B2B transition. Right: Setup for VNA measurements
(setup 2).

Figure 4.12: Simulated and measured S-parameters of the B2B transition (setup 2) (a)
and impact of the tanδ on the IL (b).
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is given in Fig. 4.13. As expected, the RL is not strongly a�ected by the removal of the
via holes but the IL is highly degraded, due to parasitic modes that are excited between
the top and bottom ground planes, forming standing-wave patterns and eventually being
radiated from the edges of the laminate. These measurements are in good agreement with
the results obtained with the measurement setup shown in Fig. 4.9 and con�rm that
via holes are crucial for a proper behavior of the transition in the E-band and cannot be
omitted from the �nal design.

Figure 4.13: Measured S-parameters of the B2B transition with and without via holes.

Although the matching structures on the top side of the laminate reduce the unde-
sired radiation to the open air, energy is still radiated in correspondence to the coupling
point. As shown in Fig. 4.14, it is possible to reduce the loss of more than 1 dB by using a
quarter-wave waveguide backshort7. However backshorts are additional components, that
would even require special machining in order to avoid short-circuiting of the GCPW line,
and would make the package bulkier and more expensive. Therefore the possibility of
using a simple metal lid to emulate the e�ect of the backshort on the transition has been
investigated, as shown in Fig. 4.15. The results clearly indicate that this simple solution
allows reducing the simulated loss of up to 1 dB and would therefore be preferred to the
conventional backshort for its unproblematic implementation in packages.

This improved transition has been experimentally tested8 and the measurements have
con�rmed the expected �2 dB reduction of the IL of the B2B con�guration in comparison
to the B2B structure without metal lids, as shown in Fig. 4.16. For this experiment, the
metal lids have been realized with conductive tape positioned with the help of a spacer
at a height of �1.5 mm (the value suggested by simulation-based optimization) above the
transitions. For a packaged device, a more stable realization is preferable, which can be

7Note that this simulation assumes a nominal tanδ � 0.0009, as we are only interested in estimating the
net improvement introduced by the backshort rather than in the overall loss.

8The prototypes have been manufactured on the same laminate and with the same process of the tran-
sitions shown in Fig. 4.11.
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Figure 4.14: Model of transition with backshort (left) and comparison of simulated S-
parameters of the transition with and without backshort (right). A WR-12
waveguide is used for these simulations.

achieved by placing a metal cover on the spacer used to secure the screws of the WR
�ange (Fig. 4.17-a) or by using a low-pro�le package, e.g. gluing a metallized spacer at
the internal side of the package cover (Fig. 4.17-b).

4.2.1 Transition with Built-In Planar Bias Network

One of the advantages of using laminates for the integration of PDs is the relatively low
cost of the substrate, which gives more freedom to the designer when integrating additional
circuitry, at essentially no increased manufacturing cost.

In the transition introduced in section 4.2, there is a large area of unused laminate
due to the size of standard WR �anges. Therefore it can be useful to dedicate this space
to the implementation of a bias network, thus allowing the integration of PD lacking an
internal bias circuit [200].

The �rst required component is a planar RF-choke that allows the DC current to
reach the PD, while preventing loss of the mm-wave signal through the DC path. This
can be achieved by means of two open-circuited stubs in a parallel con�guration providing
an RF short-circuit which is then transformed into an RF open-circuit by a quarter-wave
transformer, as illustrated in Fig. 4.18-a. The length of the transformer, ideally set to
be a quarter of the wavelength corresponding to the central frequency (73.5 GHz), had to
be increased to allow the drilling of the via holes. The e�ects of this modi�cation on the
performance of the RF-choke have been compensated by additional optimization of the
dimensions (length and width) of the transformer and the stubs [201,202].

Narrow-band (blue lines) and broadband (red lines) measurements of the S-parameters
of the RF-choke9 are shown in Fig. 4.19, together with the simulated response (thick

9The metal layers of the laminate used in for these prototypes are 9-µm rolled-copper layer, with addi-
tional copper plating and autocatalytic silver immersion gold (ASIG) surface �nish. The total metal
thickness is �35µm. The same con�guration is used for the prototypes shown in Fig. 4.26�4.32 .
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Figure 4.15: Model of transition with metal lid (left) and comparison of simulated S-
parameters of the transition with and without lid (right). AWR-15 waveguide
is used for these simulations.

Figure 4.16: Left: Measurement setup of the B2B transition with metal lids. Right: Mea-
sured S-parameters with and without metal lids (the latter is depicted in Fig.
4.11).
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Figure 4.17: Possible implementations of metal-lid re�ector in packages.

black lines). The narrow-band measurements make use of end-launch coaxial connec-
tors with TLR calibration set designed on the same laminate of the measurements (see
appendix D.1), while the broadband measurements make use of ground-signal-ground
(G-S-G) probes and are calibrated using an on-substrate SOLT calibration kit10. The
measurements show a good agreement with the simulations, as depicted in Fig. 4.19-a
and 4.19-c: In the 71-76 GHz range the IL is ¤0.6 dB11, the RL is at least 15 dB, while
the RF-to-DC isolation (IS) is at least 27 dB, making the structure virtually invisible
to the RF signal generated by the PD. The broadband measurements, shown in the full
60-90 GHz range in Fig. 4.19-b and 4.19-d, demonstrate that the RF-choke can be used
for systems working in the full E-band, if an IL of 1.5 dB is accepted.

Another issue that has to be solved in the previously reported transition is the short-
circuited λ{2 stub used to achieve a constructive wave interference at the coupling point:
This stub would short-circuit the DC feed to the ground layer, thus making it impossible
to apply a DC bias to the PD. A successful solution to this problem is shown in Fig. 4.18-
b, where the short-circuited stub is substituted by a λ{4 open-circuited stub. In the ideal
case, the two stub con�gurations are fully equivalent for the RF �eld. As the result of
the numerical optimization process, the stub's length, originally dimensioned accordingly
to the wavelength of the central frequency (73.5 GHz) of the band of interest, has �nally
been reduced and a rounded shape has been preferred to a a straight rectangular ending.

The �nal optimized layout of the transition is shown in Fig. 4.18-c and the cor-
responding dimensions are reported in appendix B.2. Figure 4.18-d shows the current
density distribution of a 73.5 GHz signal excited at the GCPW port: It can be noticed
that the EM energy propagates from the RF input (GCPW port) to the RF output (WR
port) and no RF �eld reaches the DC feed point. From the simulated S-parameters shown
in Fig. 4.18-e, it is possible to see that the IL is less than 2 dB (1.7 dB at the central
frequency 73 GHz), the RL at the GCPW port is at least 25 dB, and the RF-to-DC IS is

10The impact of probe-to-line contact and of the thin taper used to launch the signal into the GCPW
line has been de-embedded by removing the measurements of thru-lines using the Advanced Design
System software.

11The spikes seen in the narrow-band measurements are obviously due to calibration errors and are
therefore not considered in this analysis.
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Figure 4.18: Transition with built-in planar bias tee: Design of RF-choke (a), design of DC-
block (b), layout of the complete transition (c), current density distribution
of a 73.5 GHz signal excited at the GCPW input (d), simulated S-parameters
of the transition (e).
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Figure 4.19: Narrow-band (a and c) and broad-band (b and d) measurements of the S-
parameters of the RF-choke, compared with simulations. The insets in (a)
and (b) shows the prototypes used in the respective experiments (Meas. A,
Meas. B).
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better than 34 dB in the 71-76 GHz range.
In order to experimentally validate the new design, the same B2B setup introduced

in Fig. 4.10-a has been used, as shown in Fig. 4.20-a, where two sets of two transitions12

with full bias network have been employed (one of the prototypes is shown in the inset of
Fig. 4.20-b). It can be seen that the measured RL at the GCPW ports is generally higher
than 10 dB13, while the measured IL has an average value of �9.5 dB and is comparable
with the one measured for the transition without bias network (see Fig. 4.10-b), which
con�rms the equivalence of the designs.

Figure 4.20: B2B measurement setup for GCPW-to-WR-12 transition with built-in bias
tee (a) and measured S-parameters (b). The inset in (b) shows one of the
prototypes used for the measurements.

4.3 Photonic Transmitters with Rectangular Waveguide

Output

4.3.1 Integration of Commercial Photodiode

The transition presented in section 4.2 has been used to design a PD module, whose 3D
model has already been presented in Fig. 4.1. The bonding ribbons connecting the PD
to the laminate have been designed to be have a total length of 170 µm, as this allows
minimal impact on the transmission of the 70 GHz signal, as discussed in section 3.5. The
resulting simulated S-parameters of the assembly are shown in Fig. 4.21 (solid lines). In
the whole 71-76 GHz range, the IL is �3 dB, while the RL at the PD-chip port is higher
than 9 dB.
12These prototypes have been manufactured on the same laminate and with the same process of the

transitions shown in Fig. 4.10
13One single point above 74 GHz reaches 8.5 dB: This is is probably due to incorrect alignment of the

end-launch connectors, as suggested by the minor ripples of the measured curves.
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Figure 4.21: Simulated S-parameters of the PD module. Port 1 is at located at the PD
pads, port 2 is at the WR output.

Figure 4.22-a shows a picture of a pigtailed PD module prototype based on the
presented design, featuring a commercial InGaAs/InP PD with integrated bias network
[203] and a standard WR-12 output with UG-387/U �ange. A mechanical submount is
used to sustain the chip and its integrated biasing network. A standard single-mode �ber
(SMF) is glued at the backside of the PD to provide the necessary optical input. The
optical and electrical assembly steps have been performed by u2t Photonics A.G. (now
Finisar Corporation).

Due to di�culties occurred during the integration phase, a bonding ribbon longer
than 300 µm has been used for the signal line and ribbons of �600 µm have been imple-
mented on the ground connections, as shown in the inset of Fig. 4.21. However, thanks
to the low inductance of the ribbons, the impact on the performance of the assembly is
negligible in the 71-76 GHz, as reported in Fig. 4.21 (dotted lines).

The measured RF output power delivered by the prototype in the 71-75 GHz range
for several DC photo-current levels is shown in Fig. 4.22-c: It can be seen that it exhibits
a very �at response within the band of interest with a power �uctuation of only �0.5 dB
around the maximum (-12.5 dBm), achieved at a DC photocurrent of 10 mA. The 1-dB
compression point of the module is found to be at �9 mA, with a corresponding RF output
power of -13.5 dBm as shown in Fig. 4.22-d. The prototype has been characterized using
the setup shown in the inset of Fig. 4.22-d. In Fig. 4.22-b, a horn antenna is connected
to the module, in order to build a photonic transmitter that can be used for laboratory
wireless transmission experiments, as it will be introduced in the following sections.
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Figure 4.22: Pigtailed PD module (a) and photonic transmitter with horn antenna (b);
RF output power of the module as a function of frequency, for several pho-
tocurrent levels (c) and output power at 73 GHz plotted as a function of
the photocurrent (the red dashed line represents the ideal square-law char-
acteristic PRF 9 I2

photo) (d). The inset in (d) shows the setup used for the
characterization of the module.
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1 Gb/s Back-to-Back Transmission Demonstration

The �rst experimental B2B14 RoF link setup used to demonstrate the capability of the
developed module is shown in Fig. 4.23-a [204].

A 1550 nm laser source, followed by a polarization controller (PC), generates the
optical carrier and a Mach-Zehnder modulator (MZM) biased at Vπ is used to generate a
double-sideband suppressed-carrier signal (DSB-SC). The optical signal is then ampli�ed
by an erbium-doped �ber ampli�er (EDFA) followed by an optical band-pass �lter (OBPF)
and a second PC. The signal is then modulated by a second MZM biased at quadrature
point. The data (a 1 Gb/s non-return-to-zero on-o�-keying (NRZ-OOK) signal with a
word length of 2431-1) is generated by a pseudo-random bit sequence generator (PRBS).
A �nal optical ampli�cation stage is used to compensate for the losses due to the MZM
and an additional OBPF is used to eliminate ampli�ed spontaneous emission (ASE) noise
from the EDFA. Finally, the modulated RoF signal is delivered to the PD module, whose
output is connected to a Schottky envelope detector by a WR-12 waveguide. The Schottky
envelope detector, whose average responsivity is �3200 V/W in the frequency range of
71-76 GHz, down-converts the signal to baseband. The baseband signal is then ampli�ed
and launched to an error detector to perform bit-error-rate (BER) measurements.

The measured B2B BER characteristics for 1 Gb/s transmission are shown in Fig.
4.23-b, where it can be seen that error-free15 (BER  10�9) transmission has been achieved
in the whole 71-76 GHz range. As a result of the �at reponse of the PD module, as well
as of the used MZM and detector, the power penalty associated with a variation of the
RF carrier frequency that was necessary to achieve this result is less than 1.5 dB.

Figure 4.23: (a) Experimental B2B RoF system setup featuring a photonic carrier gener-
ator, a data modulator, the developed photonic transmitter and a receiver;
(b) measured BER characteristics.

14Here, back-to-back is used to identify a RoF link without wireless path.
15The actual de�nition of error-free system is not unique. The typical requirement in most lightwave

systems is a BER of 10�9, although even a BER of 10�14 might be considered in some cases [109].
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1 Gb/s Wireless Transmission Demonstration

The setup introduced in the previous section has been modi�ed as shown in Fig. 4.24-a
in order to establish a test wireless link between the PD module and the receiver [205]: A
21-dBi-gain horn antenna is now connected to the photonic module to radiate the signal
generated by the PD towards the receiving antenna, and a WR-12 LNA with 25-dB gain
is used to increase the power of the mm-wave signal before delivering it to the antenna.

For the receiver, a te�on lens with 6 dBi gain is used to focus the main lobe onto
the receiver module, which collects the signal through a log-periodic antenna, photolitho-
graphically fabricated on a silicon substrate connected to a hemispherical high-resistivity
silicon lens. A planar zero-biased Schottky barrier diode (SBD) with a responsivity reach-
ing 1278 V/W at 72 GHz is used for direct envelope detection. After the down-conversion
operated by the SBD, two baseband ampli�ers (with a total gain of 40 dB) boost the
signal before it reaches the BER detector. The measured BER characteristics for 1 Gb/s
transmission on a link distance of 2.5 m (laboratory setup) are shown in Fig. 4.24-b. It
can be seen that error-free (BER<10�9) wireless transmission has been achieved at all
measured frequencies, with a power penalty of 1.2 dB.

Figure 4.24: Experimental system setup of the high-speed wireless link featuring a pho-
tonic carrier generator, a data modulator, the developed photonic transmitter
and a receiver (a) and the measured BER characteristics (b).

4.3.2 Integration of In-House-Developed Photodiodes

In order to couple the output of PDs developed in-house into a WR, the transition pre-
sented in section 4.2.1 has been used to design an E-band module with a built-in bias tee,
as shown in Fig. 4.25-a.

Due to equipment limitations, in this case bond wires have been considered for
the integration. Simulations have shown that even a length of 230 µm would not cause
excessive loss in assembly: It can be seen from Fig. 4.25-b that the overall IL from the
PD output to the WR is less than 3.5 dB, while the RL at the PD chip is at least 12.5 dB
and the RF-to-DC isolation is at least 33 dB.

The PD used for the integration is a high-speed waveguide-type 1.55 µm photode-
tector, based on III-V semiconductor technology with a 50-Ω GCPW output [206]. The
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PD and the transition are sustained by a brass submount, a common material for opto-
electronics packages [207], which is shaped in order to accomodate the boss of the WR's
�ange, as shown in 4.26-a; the PD and the laminate are glued to the submount using
conductive paste [208].

,

Figure 4.25: HFSS model and simulated S-parameters of the module based on in-house-
developed PD.

A picture of the assembled PD module is shown in Fig. 4.26-b. It can be seen
that, because of technological limits, very long16 bond wires have been created during the
assembly. This is due to the additional InP substrate that extends out of the PD's output
contacts (a by-product of the cleaving process) and to the excess dielectric core of the
laminate, due to manufacturing challenges of the PCB. The long bond wires introduce in-
ductive mismatch (thus decreasing the RL) and cause undesired radiation, thus increasing
the IL. To verify the e�ect of these anomalies, the S-parameters of the full module have
been simulated using the realistic model shown in Fig. 4.26-c [208]. It can be observed
that the total IL from the PD to the WR output is increased to �7.5 dB and the RL at
the PD port is very low (less than 2 dB): This can be very detrimental for the PD, as the
re�ected power would be directly fed to its output.

The PD module has been tested according to the setup shown in Fig. 4.27 and
it has been successfully employed to extract a 73 GHz signal generated using a photonic
approach based on external modulation of the laser output: A 1550-nm laser followed by a
polarization controller generates the optical carrier and a MZM is used to generate a DSB-
SC signal, using a local oscillator source of frequency fRF {2. After optical ampli�cation
and �ltering (not shown in Fig. 4.27), the signal is delivered to the PD module where
the PD extracts the RF signal, that is then guided into the WR and detected by a mixer
connected to a SA. The total loss, from the PD output contacts to the SA has been
measured to be �9.5 dB at 73 GHz. The measured and estimated values are thus in
good agreement, with the 2 dB di�erence likely due to the uncertainty of the conversion
loss of the mixer used to detect the RF signal and its interconnecting cables, as well as to

16The total length is in the order of 700-800 µm.
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Figure 4.26: Concept for integration of in-house-developed PD (a); assembled prototype of
the module and magni�ed view of the chip/laminate interface (b); ideal (de-
signed) and actual (implemented) bonding con�guration and their simulated
S-parameters (c).
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possible damages to the chip metallization occurred during the bonding process17. Further
characterization of the frequency response of the module has not been possible, due to
failure of the PD, which was presumably caused by the high level of power that has been
re�ected to its output contact. The successful extraction of the mm-wave signal from the
WR nevertheless proved the validity of the integration concept, which was only limited by
technological shortcomings.

Figure 4.27: Measurement setup for the PD module with integrated bias tee.

4.3.3 Concept for the Integration of On-Board Ampli�cation

When the mm-wave power delivered by the PD is not high enough for the required ap-
plication or transmission distance, ampli�ers have to be used in order to boost the signal
before the transmission. In section 4.3.1, an external bulky ampli�er has been connected
to the WR output of the PD module to increase the transmitted power. An alternative
to this approach is to use the laminate hosting the transition to allow hybrid integration
of MMIC ampli�ers.

The integration concept, shown in Fig. 4.28 [208], is based on the fact that the RF
laminate used for the GCPW-to-WR transition and for the bias of the PD can also be used
as substrate to host the SMD components necessary to the bias of the ampli�ers as well as
the MMIC chip [209]. Starting from the design shown in Fig. 4.26-a, the necessary circuit
traces for the DC supplies of the ampli�ers have been drawn on an extended laminate,
glued on a larger brass submount. Two commercial ampli�ers manufactured by Hittite
Microwave18 with integrated input and output DC-block have been considered for the
design of the platforms , as it will be introduced in the following.

17When the metallization of the InP does not have a good adherence to the substrate, peeling-o� phe-
nomena can occur, leading to the the complete removal of the metal layer, as well as to unstable
contacts or minor damages.

18Now Analog Devices.
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Figure 4.28: Integration concept for ampli�ers. The transition's laminates also hosts the
SMD components necessary to bias the ampli�er.

Integration of Middle Power Ampli�er (MPA)

At �rst, because of its simpler biasing circuit, the integration of a GaAs HEMT MPA
[210] with a gain of 24-25 dB in the 71-76 GHz range has been considered as a proof of
concept, with the assembled prototype shown in Fig. 4.29. The module has been tested
by launching a mm-wave signal directly at the input pads of the ampli�er chip using a
G-S-G probe: Because of damages to the chip occurred during the bonding process (see
the inset in Fig. 4.29), the �nal stage of ampli�cation has been compromised, therefore
the maximum measured gain was 16 dB.

Figure 4.29: Experimental MPA integration (left) and measured gain (right). The inset
shows the cracked chip substrate in correspondence to the �nal ampli�cation
stage.

Integration of Low Noise Ampli�er (LNA)

Besides the the MPA, the integration of a GaAs HEMT LNA [211] has also been consid-
ered, as LNAs are generally the preferred choice as �rst ampli�cation stage, in order to
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reduce the overall noise �gure of the system. The module featuring the integrated LNA is
visible in Fig. 4.30, together with its measured gain. The maximum measured gain is 13
dB at 73 GHz. The oscillating pattern of the measured curve (essentially similar to the
one of the measured MPA gain) can be attributed to deviation in the calibration of the
setup.

Figure 4.30: Experimental LNA integration (left) and measured gain (right).

A PD was then integrated in the same module, and used in a setup similar to the
one introduced in Fig. 4.27, with additional DC sources necessary to bias the ampli�er,
as shown in Fig. 4.31. It has nevertheless been impossible to employ the module in RoF
transmission tests, as during the biasing operations the ampli�er has been damaged by the
bias voltage applied to the PD. The cause of the failure has been identi�ed in the decoupling
capacitor integrated at the input of the ampli�er, which seems to be unable to withstand
the high voltage (-8 V) required by the PD. For further development of modules with
integrated ampli�ers it is therefore necessary to add an additional decoupling structure
on the laminate, such as a CL section (see Appendix A.4), as described in [212�214].

Figure 4.31: PD module with integrated LNA.

102



4.4 Conclusions

Integration of LNA and MPA

It is common to use a chain of ampli�ers in order to further increase the output power.
Normally a LNA is used as �rst element in order to reduce the overall noise �gure of the
system. With the two ampli�ers considered in the previous sections a theoretical total
gain of more than 38 dB could be achieved. Two di�erent solutions (based on the fact
that the LNA has a thickness of 100 µm while the MPA has a thickness of only 50 µm)
can be considered, in order to minimize the parasitic e�ects due to the bonding. Figure
4.32-right depicts an approach in which the two ampli�ers share a common ground area
on the laminate and the output of the LNA and the input of the MPA are connected
directly by one bond wire (side-by-side con�guration). Another alternative is the milling
of a cavity into the laminate to host the LNA, so that its output pads are almost at the
same level of the laminate top metallization, while the MPA can be bonded from the
standard chip-on-substrate position, as shown in Fig. 4.32-left.

Figure 4.32: Platforms for integration of LNA and MPA.

4.4 Conclusions

In this chapter, a novel integration concept for mm-wave PD modules with WR output has
been introduced. The proposed method assumes the PD chip being bonded to a GCPW
line created on a laminate: Thus the signal extracted from the PD can be guided by the
GCPW to a vertical transition based on a double-slot coupling structure etched on the
bottom side of the laminate, which couples it to the WR output. The whole integration
platform can be manufactured using PCB technologies and the alignment to the WR is
achieved by using the pins of a standard WR �ange, greatly simplifying the assembly
procedure when compared to previously reported solutions. Furthermore, the proposed
integration technique does not require any mechanical modi�cations of the WR. Using
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quasi-hermetic PCB materials as substrate, our approach enables near-hermetic enclosing
of the WR aperture, eliminating the need for sealing elements at the WR output. Table 4.1
summarizes the characteristics of the proposed integration concept and o�ers a comparison
with other available solutions for mm-wave PD modules operating at frequencies below
100 GHz.

Table 4.1: Comparison of integration techniques for mm-wave PD modules.

Referencep1q
UDE RAL NTT YZU/NCU TUB

(this work) [34] [29,30] [33] [32]

Hermeticity Quasi-hermetic No No No No
Machining/
Non-standard No Yes Yes No No
components
Use of PCB
materials and Yes No No No Yesp2q

techniques
Di�cutly of as-
sembly

Lowp3q High High Middle Middle

p1q University of Duisburg-Essen (UDE), Rutherford Appleton Lab (RAL), Nippon

Telegraph and Telephone Corporation (NTT), Yuan Ze University (YZU), National

Central University (NCU), Berlin Institute of Technology (TUB).
p2q TUB �rstly proposed an approach based on a thin-�lm silicon integration platform,

later introducing an alternative PCB design in an attempt to simplify the assembly

and reduce the loss.
p3q The approach proposed in this work requires no alignment blocks or procedures,

as the laminate lays on the central boss of the WR and its position is set by the pins

of a standard �ange.

The GCPW-to-WR transition has been tailored to work in the 70-GHz band, with a
measured IL of only 3.2 dB in the large 60-75 GHz band. Using the modeling techniques
introduced in section 3.4.5, the response of the prototypes can be accurately predicted by
EM simulations and therefore the design procedure and the proposed concept are suitable
for the development of PD modules in the mm-wave range.

The work presented in this chapter has triggered interest from the industry in using
PCT for mm-wave optoelectronic packaging [215] and a prototype PD module has been
assembled using a commercially-available PD, which is able to deliver a maximum of -13.5
dBm of output power before reaching the 1-dB compression point. The module has been
successfully employed in demonstrative back-to-back and wireless RoF communication
links: Thanks to the �at frequency response of the transition and to the linearity of the
used active components, error-free transmission has been achieved in the whole 71-76-GHz
range with a power penalty of less than 1.5 dB.

Further improvement of the design has led to the integration of a fully planar, broad-
band, on-board bias tee, that enables the usage of in-house developed PDs - which are not
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equipped with an integrated bias network in order to reduce the chip size and simplify their
design. The impact of the bias tee on the performance of the transition has been carefully
minimized (the additional introduced IL is less than 0.6 dB) and it has been proved that
the design of the improved integration platform is fully equivalent to the one discussed
above. It should be noticed that the transition with integrated bias tee is particularly
interesting for the development of other mm-wave modules, too: Although this topic has
not been directly addressed in this thesis, we have reported in [216] about the development
of a zero-biased SBD module19 with WR-12 input, based on a slightly modi�ed version of
the transition, and successfully used in wireless, 70-GHz RoF demonstrations.

Additionally, extended platforms for the integration of on-board electrical ampli�-
cation have been introduced: Several assemblies featuring commercial LNAs and MPAs
have been realized and tested, demonstrating the �exibility and feasibility of the suggested
approach. However, experimental work has highlighted that the integrated DC-blocks of
the used ampli�er chips are not su�cient to protect the ampli�ers' inputs from the bias
voltage of the PD and therefore additional on-laminate protection circuits are needed for
the successful development of future modules, as shown in [212].

Suggestions on the possibilities to further improve the coupling of the signal into the
WR have also been presented, showing that a metal lid can conveniently be introduced
in packaged modules to emulate the constructively interfering e�ect of a WR backshort
and thus reduce the residual radiation at the coupling point: This simple solution allows
a 1-dB decrease of the overall IL of the transition in the 71-75 GHz range.

The results presented in this chapter laid the foundations for the development of
commercially competitive PD modules with WR output. The optimization of the bonding
technology and the integration of ampli�ers will allow the development of fully functional
photonic transmitters suitable for E-Band RoF applications. Redesigning the electrical
interconnects together with the use of automated integration techniques for SMD compo-
nents will open up the possibility of integration within standard butter�y packages [217],
while the integration of a re�ecting metal lid - easily built into the package - can be used
to further increase the output power.

It should be noticed that, if complex systems with an increased number of inter-
connects are required, it could be advisable to introduce in the design di�erent TLs that
allow an overall reduced loss and better manufacture control, such as the SIW. Practi-
cal examples of novel SIW-based integration platforms for PD modules for 60-GHz RoF
applications will be proposed in chapter 5.

19Industrial partner for this application has been ACST GmbH.
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Technology for 60-GHz

Optoelectronic Integration

In this chapter, we will investigate the potential of PCB technology to manufacture SIW
circuits and their application in the development of integration platform for mm-wave in-
door RoF systems. The interest in the SIW arises in particular from their proven low-loss
characteristic (see section 3.4.5), as this can facilitate the employment of PCB technologies
well above the 100 GHz limit, where GCPWs might su�er of excessive loss, as suggested
by the experimental results achieved in the E-band (see chapter 4). However, other ad-
vantages can be considered when SIW are used: As suggested in Fig. 5.1, a SIW platform
would facilitate the quasi-hermetic packaging of PDs, thanks to its ability to completely
con�ne the guided signal within the laminate dielectric. Thus, no short-circuits of the
lines delivering the signal to the antenna would arise from the contact with the housing
walls, independently of the actual antenna con�guration.

Figure 5.1: Simpli�ed concept of 60-GHz photonic transmitter module based on a SIW
integration platform. The SIW exits the metal housing through a dedicated
hermetically-sealed slot.

5.1 60-GHz Indoor Data-Distribution System Concept

As introduced in section 1.2.1, the 60 GHz band has been allocated worldwide for high-
speed communication applications. Although regulations in di�erent countries are di�erent
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(channelization, total frequency range, and so on) there is, in general, a 7-GHz bandwidth
available to develop mm-wave communication systems. Besides outdoor applications (mm-
wave links), a large market for 60-GHz systems will be for indoor consumer applications
such as data distribution or uncompressed HD video streaming. The intrinsic possibility
of antenna remoting supported by RoF can foster the development of 60 GHz high-data
rate indoor broadcasting systems by facilitating the positioning of the transmitting unit,
as shown in Fig. 5.2 [218]. In the depicted concept, the photonic transmitter is located
in the top-left edge of the room and is equipped with a sector antenna in order to focus
the radiated power only into a prede�ned area, thus increasing the energy e�ciency of
the system. The radiation pattern of the antenna has to be focused in the vertical plane
to prevent unwanted radiation toward the ceiling or the �oor, but should have a wider
beam in the horizontal plane, in order to extend the covered area (ideally 180° to cover
the whole room). For the room dimensions given in Fig. 5.2, vertical and horizontal
beam-widths of 40° and 180° respectively guarantee an e�cient coverage of the three walls
opposite to the antenna installation. By considering the radiation property of an H-plane
horn antenna, introduced in section 2.4.3, it is obvious that its sector radiation pattern is
suitable for this application. The relatively simple integration of H-plane horn antennas
with SIW technology and the demonstrated low-loss properties of the latter1 suggest that
the SIW can be used to develop a complete integration platform for a photonic transmitter,
equipped with an opportune in-package antenna [100], as it will be shown in section 5.4.

Figure 5.2: Indoor distribution of uncompressed HD video signal: 3D-view of the room,
with the required antenna's radiation pattern (left), side-view (center) and
top-view (right) of the room.

5.2 Technical Considerations for the Design of SIW

Platforms

In designing mixed PTL and SIW structures, several considerations have to be taken into
account when choosing the characteristic of the adopted substrate. In particular, a trade-
o� is required in choosing the thickness of the dielectric core. Speci�c problems in the

1See section 3.4.5.
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mm-wave range are represented by the fact that thick substrates might require wide signal
conductors (for microstrips or GCPWs) to achieve 50-Ω impedance. This could have some
advantages, such as the reduction of conductor loss, but for mm-wave frequencies it could
lead to signal conductors which are comparable with a quarter of wavelength, which might
allow the excitation of transverse resonance modes and make more di�cult the design of
T-junctions and other distributed components (e.g. stubs). As a common drawback of
non-homogeneous guiding structures, large substrate thickness additionally increases the
dispersion of the wave traveling across the line. For the SIW, a large dielectric core would
reduce the conductor loss, but it could lead to a large width (distance between the via-holes
fences) in order to achieve low impedances (less than 100 Ω) for an easier matching to PTL
circuits; being the width of the SIW primarily responsible for the operational bandwidth
too, it would reduce the cut-o� frequency and thus eventually make it impossible to work
in the desired frequency range. Because of the above mentioned considerations on the
signal propagation, thin substrates are therefore preferred at high frequencies; however,
as part of the system is based on an in-package sector antenna, considerations on the
radiation properties of the antenna have to be taken into account (see section 5.4). As
a result of the trade-o� between several constraints a Rogers RT/duroid 5880 laminate
with εr=2.2 and thickness H=381 µm has been chosen for all the designs presented in this
chapter. Due to limited availability of the material, a metal thickness of 18 µm has been
used for the manufacture of the prototypes2. According to the considerations suggested
in section 3.4.5, two di�erent tanδ have been used to model the substrate for GCPW lines
and for SIW structures, within the same designs: A tanδpGCPWq = 0.01 has been used for
traditional PTLs, while a tanδpSIWq = 0.0015 has been used for SIW lines.

5.3 60 GHz GCPW-to-SIW Transitions

A prerequisite for the integration of PDs with SIW is the development of GCPW-to-SIW
transitions when using bonding wires or ribbons to lead the signal from a PD chip to an
RF laminate, as discussed in section 4.3.1.

Several transitions from traditional PTLs to SIW are available in literature. For in-
stance, via holes can be used to connect the central track of the PTL to the SIW's bottom
ground layer, as in [219], while a more common approach is based on tapering the signal
trace of the planar transmission line to �t with the SIW's width and is described in lite-
rature with several variations or improvements [220�222]. An example of such transition,
based on the guidelines given in [223] and optimized for the 60 GHz range, is shown in Fig.
5.3-a. The transition relies on the progressive tapering of the GCPW's signal line into the
SIW3, while gradually extending the GCPW's gaps to form triangular stubs within the
top metal layer of the SIW. The actual dimensions of the elements of the transition are
listed in Appendix C.1. It can be seen in Fig. 5.3-b that this simple approach allows the
development of relatively broadband transitions, with a RL>15 dB from 50 to more than
70 GHz, and a corresponding IL of less than 0.5 dB [100].

2The �nal metal thickness due to the plating of via holes is expected to be �35 µm, therefore this value
has been used in the simulations.

3The length of the taper should be approximately λ{4 at the central frequency of interest.
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Figure 5.3: GCPW-to-SIW transition with tapered line (left) and its simulated S-
parameters (right). Port 1 identi�es the GCPW input, while port 2 is located
at the SIW output.

Both methods mentioned above are not suitable for the integration of PDs as they
create show a DC short-circuit between the GCPW signal and the ground layer. However,
the relatively simple design of the transition presented in Fig. 5.3 makes it suitable for
the characterization of SIW antennas, as it will be shown in section 5.4.2, therefore a
calibration set based on this transition has been designed, as described in Appendix D.3.
The transition has been tested by means of VNA measurements, using high-frequency
coaxial connectors and coaxial-to-WR adapters for the connection to a VNA with WR
ports. The calibration kit shown in Fig. D.2 (see appendix D) has been used to calibrate
the setup. The results of the measurements of two B2B con�gurations (depicted in Fig.
5.4-a) are compared with simulations in Fig. 5.4-b, proving that the modeling method
based on the dual tanδ (see section 3.4.5) allows a good estimation of the properties of
mixed SIW/PTL circuits and that the transition actually has a large operating bandwidth
and low loss (¤1 dB in the 50-70 GHz range). The increased RL is probably due to
minor overetching of the lines and small misalignment of the coaxial connectors, but is
nevertheless higher than 12 dB in the whole 50-70 GHz range.

Figure 5.4: B2B tapered GCPW-to-SIW transition: Simulations and measurements.

To overcome the short-circuit problem, a transition based on slot coupling could be
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used, which has the drawback of requiring at least two PCB layers [224]. A more conve-
nient, single-layer approach has been suggested in [225], where an interdigitated structure
is used to transfer the signal from a microstrip to a SIW in the Ku-band. The main
drawback of this solution is that it requires 4-6 �ngers to achieve a satisfying matching:
Although possible at lower frequencies, that is a challenging problem for very high fre-
quencies where the SIW dimensions shrink and they might not be able to host the large
interdigitated transition. In the next section, a new GCPW-to-SIW transition based on a
single coupled-line section will be introduced, speci�cally designed for the development of
60-GHz PD modules.

5.3.1 Transition with Integrated Planar Bias-Tee

In order to allow the biasing of the PD, the transition from GCPW to SIW should be
equipped with a bias tee, featuring a DC-block and an RF-choke [226]. The DC-block
functionality can be achieved by using a coupled-line (CL) section: In order to guarantee
the impedance matching condition between the GCPW and the SIW, the CL section
has to be connected to input/output transmission lines whose characteristic impedances
Zin � ZGCPW and Zout � ZSIW satisfy equation A.4.3, which has been used as starting
point for the optimization of the design, performed with the help of HFSS. The model of
the transition featuring the DC-block is shown in Fig. 5.5.

Several iterations have been performed to achieve a trade-o� between SIW propa-
gation and impedance characteristic, GCPW properties and actual manufacturability of
the CL section, due to PCB etching constraints (the limit on the minimum width of gaps
and lines has been set to 100 µm). The optimization resulted in the layout shown in
Fig. 5.5-a4, corresponding to the following impedance values: Z0e � 187 Ω, Z0o � 76 Ω,
Zin � 46 Ω, Zout � 78 Ω. Note that at the GCPW side an additional taper is used to
reduce the width of the line, as this is more convenient for the realization of the necessary
RF-choke, presented in the next section. The taper has been designed in order to not com-
promise the properties of the transmission. The length of the coupled section is slightly
shorter than the nominal quarter-wave length (at 60.5 GHz) because of the additional
end-coupling e�ect of the CL with the GCPW and the SIW. The lateral grounds of the
GCPW have been prolonged and merged to the SIW top metal, thus allowing the creation
of an interrupted fence of via holes, which prevents the excitation of parasitic modes into
the substrate. Similarly to the transitions based on tapering, proper dimensioning of the
slots created around the coupled-line section is important to achieve an appropriate �ow of
current (in-phase with the signal line) and thus achieving low coupling loss and high RL.
Figure 5.5-b demonstrates how the signal coming from the GCPW is transfered into the
TE10 mode of the SIW, while Fig. 5.5-c shows that a RL of at least 17 dB is guaranteed
in the 57-64 GHz range and the IL is �0.5 dB.

An RF-choke is further required to prevent the loss of RF power through the DC
circuitry. An RF-choke based on the same principle as the one presented in section 4.2.1
has been therefore designed and included in the transition, obtaining the layout shown in

4The dimensions are listed in appendix C.2. Note that the layout reported in the appendix includes the
RF-choke introduced in the following (see Fig. 5.6).
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Fig. 5.6-a5 [100]. The numerical results of full-wave simulation of the complete transition
are reported in 5.6-b. As it can be seen, the IL is less than 1 dB and the IS is better than
27 dB in the full 57-64 GHz range, while the RL is larger than 18 dB and 15 dB at the
GCPW and SIW ports, respectively.

Figure 5.5: GCPW-to-SIW transition with DC-block: Model (a), propagation of the elec-
tric �eld from the GCPW to the SIW port (b), and simulated S-parameters
(c).

In order to experimentally verify the proposed designs, B2B versions of the transi-
tions (with and without RF-choke) have been manufactured and measured.

A comparison between simulated and measured performance of all back-to-back tran-
sitions is shown in Fig. 5.7. An excellent agreement is found between the simulated and
measured IL, whose maximum values for the transitions without and with RF-choke are
1.8 dB and 2.2 dB, respectively. From the measured data, it can further be estimated that
the RF choke only introduces 0.2 dB of loss for a single GCPW-to-SIW transition and
it does not a�ect the matching between the two RF ports, as the measured RL for both
con�gurations is larger than 12 dB in the whole 57-64 GHz range (in good agreement with
the values suggested by the simulations) [227].

The experimental validation of the designed transition with RF-choke opens the
possibility to the development of 60 GHz photonic transmitters based on SIW technology,
as shown in Fig. 5.8. Several antenna designs, which can be used to radiate the signal

5The corresponding optimized dimensions are listed in appendix C.2.
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Figure 5.6: GCPW-to-SIW transition with fully planar bias tee: Model (a) and simulated
S-parameters (b).

Figure 5.7: Measurement setup of the B2B GCPW-to-SIW transition with fully planar
bias tee (denominated with RF-choke) (a) and comparison of simulated and
measured S-parameters, for the same transition and the one featuring only a
DC-block (denominated w/o RF-choke) (b).
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coupled from the PD to the SIW, will be considered in the following section.

Figure 5.8: SIW integration platform: Block diagram.

5.4 60 GHz SIW H-Plane Horn Antennas

5.4.1 Standard SIW H-Plane Horn Antenna

Based on the information summarized in section 2.4.3, a SIW H-plane horn antenna is
a perfect candidate for the applications described in section 5.1. However additionally
considerations are required, due to the special nature of SIW, whose dimensions are bound
to the thickness of the adopted substrate. Designing a traditional H-plane horn antenna6

(Fig. 5.9) would result in a very poor match (RL < 2 dB), as a result of the very low
impedance of the antenna aperture, and an omni-directional radiation pattern in the E-
plane, with a FTBR of 1.6 dB (see Fig. 5.9-b) and a maximum gain of 3.5 dBi (see Fig.
5.9-c). Therefore, improvement of the antenna is required in order to achieve the radiation
properties desired for 60-GHz indoor data-distribution systems suggested in Fig. 5.2.

5.4.2 Improved SIW H-Plane Horn Antenna

Several approaches have been suggested in literature in order to improve the radiation char-
acteristics and/or the RL of SIW H-plane horn antennas manufactured on thin substrates.
For fully planar solutions, mostly impedance matching and wave focusing techniques based
on dielectric extensions [96,97] or lens [98,228] extending out of the top and bottom met-
alization are used. These techniques work relatively well with substrate thicknesses in
the order of λ{6. An additional way is based on loading the SIW antenna aperture with
parallel-plate resonators in order to establish resonances in the RL [229]. This technique
is particularly suitable for very thin laminates (with thickness less than λ{6) and can be
used to achieve impedance matching, radiation pattern improvements, or both. Due to
the versatility of the latter approach, its characteristics will be analyzed in details in the
following.

6The dimensions of the design are reported in appendix C.3.
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Figure 5.9: Standard SIW H-plane horn antenna: Model (a), simulated S11 (b) and 60-GHz
radiation pattern (c).

SIW Antenna with Two-Block Parallel-Plate Resonator Transition

Using parallel-plate resonators as shown in Fig. 5.10, can have a positive e�ect on the
matching of SIW H-plane antennas, as well as on their radiation properties.

The impact on the radiation can be understood by considering the spacing between
the parallel plates as radiating elements (slots) that, together with the �nal aperture of
the antenna, can create a linear array. It has been shown in [230] that an approximate
expression for the array factor of two radiating elements, under the assumptions that all
resonators have the same length L and that the signals feeding the radiating elements have
similar amplitudes7, is given by:

AF pφq9
�
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�
2πL
λ0

sinφ�γ
	


(5.4.1)

where γ � βpp L is the phase di�erence between the signal feeding the di�erent slots, with
βpp � 2π

λ0

?
εr, pp being the propagation constant of the parallel plate waveguide established

by the top and bottom resonator's plates, and εr, pp being its e�ective permittivity, de�ned
taking into account the fringing �elds. In order to achieve a high FTBR, the radiation
must show destructive interference at φ � �π{2, hence:
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λ0

?
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λ0

� π (5.4.2)

Therefore, in order to minimize the FTBR at a given frequency fFTBR, the length LFTBR

of the parallel-plate resonators should be chosen to be:

7Obviously the radiating elements (slots) have di�erent feeding amplitudes, as part of the energy is
radiated by the preceding slot. As a result of the approximation, the FTBR obtained using the LFTBR

given by equation 5.4.3 will not be in�nite, and some radiation in the backward direction will still take
place [229].
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Figure 5.10: SIW antenna with two-block parallel-plate resonator.

LFTBR � c0

2fFTBRp1�?
εr, ppq (5.4.3)

Based on the given guidelines, the antenna has been optimized for 60 GHz operation.
With εr, pp evaluated to be 1.83 for the con�guration in use [231], the optimum length of the
parallel plates has been estimated to be LFTBR � 1.1 mm. From optimization performed
with HFSS, an actual optimum length LFTBR � 1.21 mm with gaps8 G � 100µm has been
found9, achieving a value of FTBR of 21 dB and a maximum gain of 7 dBi, as shown in
Fig. 5.11-c [100].

In order to experimentally verify the design, the prototype shown in Fig. 5.12, in
which the presented antenna is fed through the GCPW-to-SIW transition with CL10, has
been built and its RL has been measured11. The concatenation of parallel-plate resonators
used to improve the radiation properties of the antenna, can also be considered as a load
connected to the SIW antenna aperture, that a�ects its matching. However, their length
is not optimized to achieve perfect match at 60 GHz. It can be seen in Fig. 5.12-b that
simulations predict a RL of at least 4 dB for the 57-64 GHz range. This minimum value
has been con�rmed by the two reported measurements, in spite of minor deviations from
the ideal simulated results.

8Note that the gaps should be much smaller than the operational wavelength and that it would be better
to keep the �rst gap smaller than the others, in order to guarantee a more balanced amplitude of the
feeding signal. However, the limits of PCB design do not allow to have gaps smaller than � 100µm,
therefore in this case it has been decided to constrain all gaps to be 100 µm.

9The width W has been set to be equal to the �nal aperture of the horn antenna. All other dimensions
of the design are identical to the ones of the standard H-plane antenna shown in Fig. 5.9, and can be
found in appendix C.3.

10As shown in Fig. 5.7, the RF-choke does not a�ect the RL of the transition, therefore it has been
omitted from this prototype.

11The calibration kit described in section D.2 has been used to calibrate the VNA.
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Figure 5.11: SIW antenna with two-block parallel-plate resonator for optimum FTBR:
Model (a), simulated S11 (b), and 60-GHz radiation pattern (c). A comparison
with the standard antenna shown in Fig. 5.9 is given in the same plots.

Figure 5.12: SIW antenna with two-block transition for optimum FTBR: Prototype (a)
and its simulated and measured S11 (b). The antenna is fed through the
GCPW-to-SIW transition shown in Fig. 5.5.
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The frequency fRL at which the resonators improve the RL of the antenna can be
calculated as [229]:

fRL � c

2Lp1� 0.7H
L
q?εr

?
1�K

(5.4.4)

with H being the thickness of the substrate and K being the coupling factor between two
resonators [232]. It has been shown in [230] that fRL is always larger than fFTBR for a
given L, thus the two requirements are not compatible. In fact, LRL must be larger than
LFTBR to achieve matching at 60 GHz: Using HFSS for the optimization, it has been
found that in our case the length of the resonators should be LRL � 1.45 mm to achieve
an optimum RL at 60 GHz [100].

A compromise that simultaneously improves RL and FTBR can be found by intro-
ducing a grating of the parallel-plate resonators [229], which has the e�ect of decreasing
the εr, pp of the structure. This solution will be presented in section SIW Antenna with
Grating Transition, on page 117.

SIW Antenna with Matching Irises

If the antenna is not required to operate in the whole 57-64 GHz band, it is possible to use
alternative resonant matching techniques, like the inductive iris shown in Fig. 5.13-a, to
improve its RL at a speci�c frequency [233]. The position of the iris is chosen based on the
impedance position on the Smith chart: While moving away from the point at which the
SIW fence starts �aring, a point at which a 50 Ω with capacitive load is achieved and then
the inductive load of the iris is used to compensate the capacitive reactance. Obviously,
the matching iris does not a�ect the radiation properties of the antenna, therefore the
radiation pattern of the antenna shown in 5.13 is identical to the one of the antenna
without iris (Fig. 5.11). Therefore, using this approach in combination with the two-
block transition allows the development of an antenna with the same excellent radiation
properties (FTBR = 21 dB) and an operating bandwidth of 1 and 2 GHz for a tolerated
RL of 10 and 5 dB, respectively. Further improvement can be achieved by extending
this approach using an internal iris (with respect to the antenna), as depicted in 5.13-b.
Moving towards the discontinuity point (the antenna/air interface) by multiples of � λ{2
will guarantee a broader matching, centered at the same frequency. As the propagation of
the EM �eld inside the antenna is in�uenced by phase delays, the exact positioning and
dimensioning of the iris can be found by numerical optimization. The �nal iris guarantees
a RL of at least 5 dB from 57 to 62.5 GHz, while a RL of 10 dB or even 15 dB are achieved
in the �58.5 to 61.5 GHz and 59.5 to 61 GHz, respectively, allowing the development of
multi-channel systems.

This technique has the advantage of being only dependent on the via-to-via posi-
tioning, whose relative accuracy is generally higher than etching precision. Therefore it
can be expected that in the mm-wave this matching method is particularly accurate in
comparison to printed techniques. Several prototypes of the antenna, combined with the
GCPW-to-SIW transition with CL (as shown in Fig. 5.14-a), have been manufactured
and measured to verify the accuracy of the matching technique12. The comparison of

12The calibration of the VNA has been performed using the calibration kit described in appendix D.2.
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Figure 5.13: SIW Antenna with two-block parallel-plate resonator and inductive iris:
Model with external iris (a), model with internal iris (b), and their simu-
lated S11 (c). A comparison with previously introduced antennas is given in
the plot.

the simulated and measured S-parameters (Fig. 5.14-b) con�rms, as expected, that the
matching based on the iris is very accurate in experiments.

SIW Antenna with Grating Transition

As already mentioned at the beginnings of section 5.4.2, the additional degree of freedom
obtained by introducing a grating in the resonating blocks (see Fig. 5.15-a) o�ers the
possibility to achieve a better trade-o� between RL and FTBR ratio [229]. In fact, by
using the grating instead of the full resonators plates, a decrease of the εr,pp of the resonator
is achieved. As a result, the resonators' length L has to be longer than the one used to
to guarantee a good FTBR (LFTBR = 1.21 mm) and shorter than the one used to achieve
a good matching at 60 GHz (LRL = 1.45mm). Using the average value of 1.33 mm as a
starting point, optimization has been carried out with the help of HFSS, resulting in a
�nal grating resonator length LG = 1.34 mm. Numerical optimization has been used to
determine the other physical parameters of the transition, which are listed in Fig. 5.17-c.

The RL of the antenna with grating resonators is shown in green in Fig. 5.15-b,
directly compared with the RL of the other antennas presented so far. It can be seen that,
as desired, the antenna shows a broadband matching, with a RL higher than 7 dB in the
whole 57-64 GHz range. Its radiation properties are intermediate between the standard
SIW and the antenna with two-block transition, as shown in Fig. 5.15-c and 5.15-d, with
a FTBR of 17 dB. Figure 5.15-e further shows the gain computed for the end-�re direction
in the whole 57-64 GHz, ranging from 5 to 7.5 dBi. Figure 5.16 �nally shows the simulated
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Figure 5.14: SIW antenna with two-block transition and inductive iris (a) and its simulated
and measured S11. Both simulated and measured results include the GCPW-
to-SIW transition presented in Fig. 5.5, used to feed the signal to the antenna.

radiation pattern of the antenna in the whole band of interest.
The properties of all presented antennas, summarized in table 5.1, show that all

improved designs satisfy the radiation requirements introduced in section 5.1. The choice
of the most opportune antenna might be dictated by the actual required bandwidth.
The design with grating resonators would be preferable for applications that require the
whole available 60-GHz band. However, due to the large number of thin, closely spaced
elements, this approach could be particularly sensitive to manufacturing inaccuracy, as it
will be discussed in the following.

Table 5.1: Characteristics of the presented SIW antennas.

Standard Two-Block Iris Grating
SIW Horn Transition Matching Transition

RL 2 dB 4 dB 10-15 dB (resonant) 7 dB
HPBW
(H-Plane)

�60° �40° �40° �40°

HPBW
(E-Plane)

360° �180° �180° �180°

FTBR 2 dB 21 dB 21 dB 17 dB

In order to validate the design of the antenna with grating transition, two proto-
types have been manufactured and measured, as presented in Fig. 5.17-a. Figure 5.17-d
shows the measured S11 (thin green and purple lines), compared with the simulation's
output (black dashed line). The overall response of the antenna clearly shows the desired
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Figure 5.15: SIW Antenna with grating transition: Layout (a), simulated S-parameters
(b), E-plane radiation pattern (c), H-plane radiation patter (d) and simulated
gain in the 57-64 GHz range (e). The plots in (b), (c) and (d) also show a
comparison with previously introduced antennas.
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Figure 5.16: Simulated radiation pattern of the SIW antenna with grating transition in
the 57-64 GHz range.
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broadband matching, although a clear shift in frequency can be noticed in the measured
parameter, guaranteeing a RL of 4 dB only for frequencies higher than 58 GHz. The
di�erences are due to manufacturing issues, namely the etching inaccuracy. In fact, as
shown in Fig. 5.17-b and 5.17-c, the length of the grating stripes is 50 µm shorter than
the optimized size, while a di�erence from the designed values of up to 40 µm is found
for other important parameters (stripes' width and gaps) causing changes in εr, pp and
radiation e�ciency of the slots [100]. By introducing these deviations into the EM model,
the result of the simulation (represented by the red dashed line in Fig. 5.17-d) �ts closely
with the measurements.

Figure 5.17: SIW antenna with grating transition (a) and its simulated and measured S11

(d): Simulated results are shown for the originally designed structure (black
dashed line) and for the model modi�ed according to the actual measured
dimensions of the prototypes (red dashed line). The deviations of the manu-
factured layout from the original design are summarized in (b) and (c).

Next, an evaluation of the radiation properties of the antenna has been carried out.
It is known that the ground plane and other interconnects can cause di�raction and thus
in�uence the antenna patterns [234], therefore additional simulations have been performed
in order to evaluate the impact of the GCPW-to-SIW transition and of the end-launch
connector (using the model shown in Fig. 5.18-f) on the radiation pattern of the antenna,
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as they cannot be excluded from the measurement environment (see Fig. 5.18-e).
The interaction of the additional structures with the antenna radiation introduces

a degree of asimmetry and ripples in the normalized radiation pattern13, clearly visible
in the simulated E-plane pattern (dark cyan solid line in Fig. 5.18-c); however the sector
properties of the pattern are not compromised by the additional elements, as shown by the
orange solid line in Fig. 5.18-d (H-plane pattern). The results of an additional simulation,
obtained from a model of the transitions featuring the actual dimensions of the prototype
listed in Fig. 5.17-c, have been included in the same plots (dashed lines). The antenna
radiation pattern has been measured using a VNA ports as both source and detector
and using a horn antenna with 25 dBi gain as receiving antenna, as shown in the two
setups depicted in Fig. 5.18-a and 5.18-b [100]. The measured patterns (dashed lines with
spherical markers) are presented with the corresponding simulated patterns (solid lines)
in Fig. 5.18-c and 5.18-d, showing an overall good agreement. Manufacturing defects and
etching inaccuracy have modi�ed the radiation pattern in the H-plane by broadening the
main lobe14 to 60° instead of the designed 40° and by introducing a radiation maximum
at -15° rather than at 0°. The most notable deviation concerns the FTBR: The measured
point at 180° in the H-plane setup shows a di�erence to the radiation at 0° of only 13
dB rather than the originally simulated 17 dB; by comparing the measurements with the
simulation based on the actual dimensions of the prototypes (dashed lines in Fig. 5.18-c
and 5.18-d), it can be seen that the FTBR could actually even be reduced 10 dB: The
better measured FTBR can be attributed to the shielding e�ect of the of the additional
metal connectors (WR-to-coax transition and WR extension) used to connect the antenna
to the VNA port.

In spite of the manufacturing tolerances, the transitions and antennas presented so
far have demonstrated a good level of compliance with the required characteristics and
con�rmed the desired sectoral performance of the improved SIW antenna. Therefore, a
full integration platform, composed by a GCPW-to-SIW transition with bias tee and a
SIW antenna, will be presented in section 5.5.

5.5 60 GHz SIW Integration Platform

The full layout of the platform featuring the transition and the SIW antenna is shown in
Fig. 5.19-a, together with the high-frequency coaxial connector used for characterization
of the structure. The dimensions of the integration platform are approximately 2.5 cm x
1 cm. Its simulated S-parameters (see Fig. 5.19-d) show that the RL (refer to the black
circles for S11) is larger than 6.5 dB and the IS (refer to the black dotted line for the
S31) is at least 27 dB in the band of interest (57-64 GHz). The measured S11 for di�erent
prototypes is also shown in the same plot (thin solid lines), and it can be seen that
an overall good agreement with the simulated results is achieved. The better matching
achieved at higher frequencies (>66 GHz), indicates over-etching as the probable cause
for the slightly degraded performance around 59 GHz, as discussed for the SIW antenna

13Note that all patterns reported in Fig. 5.18-c and Fig. 5.18-d have been normalized to their value found
for the 0°-radiation (the theoretical direction of maximum gain).

14Note that in the measured azimuthal range only half of the main lobe is present.
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Figure 5.18: Measurements of the 60-GHz radiation pattern of the antenna with grating
resonators: Measurement setups (a-b) and measured and simulated normal-
ized radiation patterns (c-d); photograph of the prototype with coaxial and
WR connectors (e) and EM model (f).
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with grating. A new simulation has been prepared to verify the e�ect of the actual
dimensions of the prototype on the performance of the circuit: In this case, besides the
actual dimensions listed in Fig. 5.17-c15, additional characterization has been performed,
in order to also include in the simulation the impact of possible deviation of the CL
section [100], as shown in Fig. 5.19-b and 5.19-c. It can be seen that the simulation based
on the measured dimensions outputs a lower RL in the band of interest and an improved
RL at higher frequencies (refer to the red-�lled circles in Fig.5.19-d for the new S11), as it
is the case in reality.

Also in this case the radiation pattern of the SIW antenna is altered by the interaction
with the GCPW-to-SIW transition, causing a slight asymmetry and ripples16. The entity
of the �uctuations is not critical (less than 3 dB), however a simple solution to mitigate
this e�ect could be the extension of the SIW section in order to locate the antenna at a
farther point from the transition: This solution can be adopted on the basis of the proven
low-loss properties of SIW transmission lines.

5.6 Conclusions

In this chapter the suitability of SIW technology based on PCB manufacturing for the
development of quasi-hermetic PD modules in the mm-wave range has been investigated for
the �rst time, by introducing a novel integration concept for a 60-GHz photonic transmitter
for indoor RoF applications.

Integration of the SIW with other planar lines (especially with a GCPW, which is
suitable for the bonding of a PD output) can be achieved by means of planar transitions.
At �rst, a GCPW-to-SIW transition based on a standard tapered layout has been designed
and successfully tested. These transitions are easily manufactured and exhibit a broadband
and low-loss behavior, with a measured IL of less than 0.6 dB in the 50-65 GHz range;
they are therefore suitable for the integration of PDs with integrated bias network and for
the characterization of other SIW structures. We have furthermore developed and tested
a novel transition featuring a fully-planar bias tee based on a single CL section and an
RF-choke, which is a fundamental requirement for the integration the of PDs without
on-chip bias network: The measured S-parameters have shown excellent agreement with
simulations, showing an IL of only 2 dB for a single transition and a RL of at least 12 dB
for B2B con�gurations in the whole 57-64 GHz range.

In order to deliver the signal extracted by from PD to the end-user, SIW H-plane
horn antennas have been considered. Their RL and sectoral radiation pattern has been
enhanced by loading the output with block resonators as well as grating resonators, which
also o�ered a possibility to evaluate the in�uence of etching tolerances in sensitive 60-GHz
structures. While the design based on block resonators has shown a good overlap with the
results predicted by theory (same frequency resonances and comparable RL �3.5-4 dB in
the 57-64 GHz range), in the second case deviations of more than 20% from the designed

15Although the prototypes are di�erent, they have been manufactured within the same batch, therefore
it can be assumed that overetching inaccuracy causes comparable e�ects on the grating structure.

16The level of asymmetry is lower in this case, as the EL connector has not been included in the simulated
model.
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Figure 5.19: Measurements of the SIW integration platform: Prototype (a), zoomed view
of the CL section (b) and comparison of designed and actual dimensions (c),
measured and simulated S-parameters (d), and simulated radiation pattern
based on actual dimensions of the prototype (e).
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values of the dimensions of the dense grating area have lead to frequency shifts, reduced
RL (4 dB at 57 GHz and 5-6 dB at 64 GHz) and changes in the radiation properties of
the antenna (radiation maximum shifted of 20° and FTBR �13 dB, against the simulated
17 dB).

Nevertheless, measurements of the complete integration platform (transition and
improved antenna) show consistency with the simulated results, once the actual dimensions
are taken into account, with the RL being at least 4 dB in the 57-64 GHz range and
achieving even better matching at higher frequencies, as a result of the over-etching.

In order to improve the reproducibility and accuracy of the manufacture, it is impor-
tant to use thin metal layers whenever possible, as this simpli�es the etching procedure.
However, the intrinsic limits of PCB etching accuracy can be improved by taking into
account that a few cycles of prototyping can lead to a more reliable process and accurate
guidelines for the designer (similarly to the corrections adopted for designs based on co-
�red ceramics, described in section 3.4.3), as it has been shown that EM simulations can
successfully estimate the impact of the non-idealities, if the correct dimensions are used in
the simulated models. This has been con�rmed by the design of the complete integration
platform (GCPW-to-SIW transition plus SIW antenna): Also in this case, the measured
RL, which indicates a clear shift of the resonant range from 57-64 GHz to 64-70-GHz, has
been correctly estimated by simulations.

It is important to highlight that the manufacture of SIW �lters, cavities and other
passive elements generally relies only on the mutual via holes positioning, which is suf-
�ciently accurate even in traditional PCT, as it has been observed in section 5.4.2 by
demonstrating excellent antenna matching based on a SIW inductive iris placed before
the antenna. In fact, although this solution is by nature relatively narrow-band in com-
parison to the ones based on external resonators, it has been possible to increase the RL
of the antenna to the experimental values of 10-15 dB in at least 1-GHz band, with a
very high accuracy in the estimation of the resonance frequency (60 GHz) by means of
simulations, as con�rmed by several measured prototypes. We have also shown that even
better performances can be expected using more re�ned solutions, such as an iris or �lter
placed within the antenna, which allow the achievement of similar RL values within a
2.5-GHz bandwidth.

It should be noted that SIWs cannot be used for broadband system (e.g. PD modules
working from DC to 110 GHz) as their operational range is imposed by their width and by
the dielectric properties of the substrate, which in turn a�ect their impedance, propagation
characteristics and required substrate area. This is not an issue for consumer applications,
where the required bandwidth can easily be supported by the one-octave operational range
of the SIW.

In this chapter, we have proved that the design �exibility and advantages of PCB SIW
make it a promising and reliable technology for the development of future cost-e�ective,
quasi-hermetic, mm-wave RoF modules. Thanks to their proven lower loss and higher
predictability, SIWs can improve the performance of systems based on traditional PTLs,
and their use is therefore advisable when power loss is a critical issue. Integration of PDs
and on-board ampli�cation, as well as improvements and extensions of the antenna designs
can lead to the development of compact, low-pro�le photonic transmitters to support
consumer-driven applications [235]. A combination of traditional PTLs and SIWs would
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yield the best results, in terms of �exibility, low loss, and interconnectivity with other
system components. Recent examples of 60-GHz RoF antenna unit featuring PCB GCPW
and SIW elements [129], E-band electronics front-ends [236], and W-band �lters [237] and
antennas [238] con�rm the increasing interest in this technology and its high potential for
mm-wave applications.
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This work addressed the development of mm-wave PD modules based on PCB1 manufac-
turing techniques and materials. Theoretical and practical limits of PCB interconnects
have been identi�ed and analyzed in order to verify their suitability for mm-wave optoelec-
tronics packaging: Based on current manufacturing possibilities, PCT shows the potential
for developing competitive systems up to at least the upper limit of the W-band, with the
highest working frequency generally limited by the ability to reliably drill closely spaced
via holes.

We have suggested a computationally light modeling approach for traditional PTLs
and SIW based on a �ctive tan δ, which has proven to output reliable estimates of the
measured performances of the investigated circuits. It has been found that traditional
PTLs are more sensitive to manufacturing inaccuracy than the SIW: As a result of surface
roughness, etching pro�les and dielectric properties of the substrates, up to a threefold
increase of the loss has been found for the GCPW, when compared to the one calculated
using nominal parameters and perfectly smooth surfaces, while the SIW has shown only
� 30% increase in the loss.

For the �rst time, the employment of cost-e�ective PCB technologies has been intro-
duced in the packaging of E-band PD modules with WR output. A novel assembly concept
which makes use of a GCPW-to-WR transition manufactured using PCT has been pre-
sented: The proposed integration technique does not require any mechanical modi�cations
of the waveguide, and the alignment of the PCB to the WR is achieved using the pins of
a standard �ange, thus dramatically simplifying the assembly procedure when compared
to other integration techniques available in literature. Using a quasi-hermetic laminate
as substrate for the PCB, this approach enables near-hermetic enclosing of the WR aper-
ture, eliminating the need for radomes at the WR port. Experimental characterization of
the GCPW-to-WR transition has been performed, con�rming a close correlation with the
results obtained from tailored EM simulations, and showing an IL<3.2 dB in the 60-75
GHz range. The impact of drilling tolerances has furthermore been investigated, as this is
fundamental for the alignment of the laminate, and it has been shown that misalignments
occurring within the current range of industrial drilling accuracy don't compromise the
functioning of the transition.

The practical advantages of the usage of PCB for high-end optoelectronic packaging
have led to interest of and close cooperation with industrial partners, resulting in the
assembly of a pigtailed prototype module featuring a commercially available PD. The

1All designs presented in this thesis were based on Rogers RT/duroid 5880 laminate, with a thickness
of 127 and 381 µm for experiments involving integration of a WR and for designs based on SIW,
respectively.
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module, which is able to deliver -13.5 dBm of output power at the 1-dB compression point
(attained at 9-mA DC photocurrent), has been successfully used in RoF demonstration
activities, achieving error-free wireless transmission in the 71-76 GHz range with only 1.5
dB of power penalty in laboratory environment.

Several improvements of the design have also been presented and experimentally
validated. In particular, the design of a GCPW-to-WR transition with an on-board fully
planar bias-tee with only 0.6 dB of additional IL has been introduced, in order to enable the
integration of in-house-developed PDs lacking an on-chip bias network. The integration of
on-board electrical ampli�cation on the same PCB used for the GCPW-to-WR coupling
and the biasing of the PD has also been successfully proved, unlocking the potentiality
to increase the output power of the PD module of up to 38 dB, and thus achieving a
wider transmission range. Finally, a compact technique to improve the signal coupling
into the WR based on re�ecting metal lids has been suggested: Simulations, fully backed-
up by experimental results, have shown that a 1-dB reduction of the IL can be achieved
at essentially no additional assembly burden.

The positive outcomes of the performed experiments suggests that the proposed inte-
gration is suitable for the development of cost-e�ective commercial devices: Performing a
redesign of the circuitry and including re�ecting metal lids, photonic transmitters equipped
with PD, protection circuits, and on-board ampli�cation can be e�ciently packaged in
standard butter�y packages featuring a WR output and used for the implementation of
outdoor RoF links using high-gain antennas [217].

This thesis further explored the use of PCB SIW to overcome the limitations (in
particular loss and radiation) of traditional PTLs, and its suitability for the development
of compact and potentially hermetic packaging solutions for PD modules in the mm-wave
range, leading to the development of a novel integration platform featuring a GCPW-to-
SIW transition and an in-package sector antenna.

Traditional (broadband) and innovative (resonant) transitions from GCPW to SIW
have been designed and tested, in order to couple the signal from the PD output to
the SIW. In particular a novel transition featuring a DC-block (based on a single CL
section) and an RF-choke for the integration of 60-GHz PDs has been introduced and
experimentally validated, showing less than 2-dB IL in the 57-64 GHz range and a RL of
at least 12 dB in B2B con�guration in the same frequency range.

To achieve e�cient radiation of the signal, sector SIW H-plane horn antennas have
been considered. In order to improve the matching and the radiation pattern (HPBW
and FTBR) of the antennas, block resonators and grating resonators have been adopted
and their compatibility with mm-wave PCB processing has been assessed, with particular
attention to the risks connected to etching inaccuracies. We have proved that both meth-
ods are able to increase the RL of the antennas in the whole 60-GHz band, respectively
achieving simulated values of 4 and 7 dB. In practice, due to the tolerances of the etching
process, the �nal measured RLs were less than 3.5 and 6 dB, respectively, with an obvious
frequency shift of the characteristics in the case of the grating resonators, which are more
sensitive to etching inaccuracies. Etching tolerances also in�uenced the radiation pattern
of the antenna which has shown a 20°-tilt of the radiation maximum, and a measured
FTBR of 13 dB (against the designed 17 dB). However, it has been demonstrated that
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sector radiation patterns with satisfying FTBR and RL of the antenna can be achieved
with the used techniques. In order to increase the RL of the antennas, it has also been
suggested that matching techniques based only on SIW elements (inductive iris) are par-
ticularly accurate at 60 GHz, if compared to printed elements, as they only rely on the
positioning of via holes (drilling accuracy). This has been demonstrated by achieving
excellent experimental matching (RL>10 dB in a 1-GHz band) using a simple resonant
SIW inductive iris placed in front of the antenna input. We have furthermore shown, by
means of simulations, that using SIW matching elements within the antenna can lead to
even better and broader matching (RL>10 dB in at least a 2.5-GHz band).

We have thus proved that the design �exibility and low-loss characteristics of the
PCB SIW make it a reliable cost-e�ective technology for the development of future mm-
wave RoF devices. With the integration of optical and electronic chips, the presented SIW
designs can lead to the development of compact modules, particularly suitable for local
multi-platform data-distribution systems.

The achievements and results presented in this thesis prove that the PCT is a �exible,
valid approach for the development of mm-wave optoelectronics devices. In particular,
the introduction of the PCB SIW in optoelectronics packaging can help to overcome the
di�culties encountered by traditional PCB PTL when working in the mm-wave range, by
providing a low-loss, interference-free path for the guidance of the signal. The presented
integration solutions for PD modules thus have the potential to facilitate the deployment
of high-speed RoF systems required by the increasing di�usion of data-hungry wireless
applications.
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Appendix A

Electromagnetic Theory

This appendix integrates the fundamental concepts of electromagnetism introduced in
chapter 2.

A.1 Maxwell's Equations

The behavior of electromagnetic �elds, independently of the frequency (or wavelength)
range of interest, can be fully described by an elegant set of equations, namely the
Maxwell's equations.

For the sake of simplicity, a linear, isotropic, homogeneous and non-dispersive medium
will be considered in the following1, unless otherwise stated. Assuming a harmonic time
variation for the EM �elds, it is possible to relate the instantaneous �elds to their phasor
form, eliminating the explicit time dependence from the related equations. For the electric
�eld, expressed in Cartesian coordinates, the following relations apply (similar expressions
can be derived for all other time dependent quantities considered in the following):

Ẽpx, y, z, tq def� <tEpx, y, zq epjωt�φqu � (A.1.1a)

� Epx, y, zq cospωt� φq � pExx̂� Eyŷ � Ezẑq cospωt� φq

where Ex,Ey and Ez are the amplitudes of the electric �eld in the three coordinates
identi�ed by the versors x̂, ŷ and ẑ respectively, ω is the angular frequency, t represents
the time, φ is the phase reference at t � 0, and E is the phasor corresponding to the
time-dependent quantity Ẽ. Using the phasor representation, it is possible to express the
Maxwell's equations in their convenient harmonic-regime di�erential form:

∇�E � �jωB (A.1.2a)

∇�H � jωD � J (A.1.2b)

∇ �D � ρ (A.1.2c)

∇ �B � 0 (A.1.2d)

1For materials that do not satisfy these properties, more complex mathematical notation in form of
tensor matrices is required. For instance, for dispersive materials, the constitutive relation would
require a frequency-dependent dielectric constant, while anisotropy would require a formulation in
form of tensor matrices [58].
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where E (V/m) is the electric �eld, B (Wb/m2) is the magnetic induction, H (A/m) is
the magnetic �eld,D (C/m2) is the electric displacement, J (A/m2) is the current density,
and ρ (C/m3) is the electric charge density of the medium.

Maxwell's equations are complemented by the constitutive relations, (A.1.3)-(A.1.5),
and the continuity equation (A.1.6):

B � µ0pH �Mq � µ0p1� χmqH � µrµrH � µH �
def� pµ1 � jµ2qH (A.1.3)

D � ε0E � P � ε0p1� χeqE � ε0εrE � εE �
def� pε1 � jε2qE (A.1.4)

J � σE (A.1.5)

∇ � J � �jωρ (A.1.6)

whereM (H/m) is the magnetic polarization vector, µ0 � 4π � 10�7 H/m is the vacuum's
magnetic permeability, χm is the magnetic susceptibility, µr is the magnetic relative per-
meability, µ � µ1� jµ2 is the magnetic permeability, P (C/m2) is the electric polarization
vector, χe is the electric susceptibility, ε0 � 8.854 � 10�12 F/m is the vacuum's dielectric
permittivity electric, ε � ε1 � jε2 is the dielectric permittivity, εr is the relative dielectric
permittivity, and σ (S/m) is the electrical conductivity.

The imaginary parts of µ and ε account for the loss in the material due to damping
e�ects in the oscillation of the dipoles. Additional loss can arise from the �nite conductivity
σ, whose e�ect can be taken into account by expanding (A.1.2b) using (A.1.4) and (A.1.5):

∇�H � jωεE � jωpε1 � jε2qE � σE �
� jωrε1 � jpε2 � σ

ω
qsE �

� jωε1E � pωε2 � σqE (A.1.7)

Electromagnetic loss is an important factor to be considered in microwave and mm-
wave applications. A practical quantity to describe the loss in a medium, the loss tangent,
can be conveniently de�ned as follows:

tan δ
def� ωε2 � σ

ωε1
(A.1.8)

It is important to notice that the contribution of dipole oscillation damping and conduc-
tivity cannot be distinguished by external measurements of power dissipation, therefore
the dielectric permittivity is often rede�ned as:

ε
def� ε1p1� j tan δq � εrε0p1� j tan δq (A.1.9)

where εr � ε1r (relative permittivity) is now a real number. From (A.1.8) and (A.1.9) it
can be seen that the tan δ expresses the ratio of the the imaginary and real parts of ε, as
shown in Fig. A.1:

tan δ � ε2

ε1
(A.1.10)
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Figure A.1: Loss tangent (tan δ)

The loss tangent is an important parameter for substrates commonly used for high-
frequency applications and is usually included in the data sheets2 by the manufacturers,
together with the relative permittivity εr. The complex dielectric permittivity can thus
be calculated using equation (A.1.9). The e�ect of these parameters on EM waves and
signals traveling in a transmission line are analyzed in section 2.1.1.

A.2 Electromagnetic Waves

Electromagnetic signals propagate in form of waves obtained as solution of the wave equa-
tions. In order to derive a possible expression for an EM wave, it is useful to consider the
Maxwell's equations in a lossless (σ � 0, ε2 � 0 and µ2 � 0), and source-free medium
(ρ � 0 and J � 0):

∇�E � �jωµH (A.2.1a)

∇�H � jωεE (A.2.1b)

∇ �E � 0 (A.2.1c)

∇ �B � 0 (A.2.1d)

By taking the curl of (A.2.1a) and using (A.2.1b) it is possible to derive:

∇�∇�E � �jωµ∇�H ùñ
ùñ ∇2E � �jωµ jωεE ùñ
ùñ ∇2E � �ω2µεE (A.2.2)

where the vector identity ∇�∇�E � ∇p∇ �Eq�∇2E has been used. De�ning the wave
number k � ω

?
µε (m�1), it is possible to write the Helmoltz equation for the electric �eld

∇2E � k2E � 0 (A.2.3)

2Some manufacturers provide a dissipation factor (DF) to characterize their substrates. It is de�ned
by modifying the formula of the loss tangent neglecting the role of atomic oscillation (i.e. ε2), thus

yielding: DF
def
� σ{pωε1q [153]. This approximation is acceptable at lower frequencies and for most of

the commonly used substrate materials, although substantial di�erences might arise in the mm-wave
range.
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and its equivalent for the magnetic �eld:

∇2H � k2H � 0 (A.2.4)

Assuming an (x-y-z) Cartesian coordinates system, equation (A.2.3) can be broken down
into three scalar equations, each related to the i-th scalar component of the �eld

∇2Ei � k2Ei � 0 (A.2.5)

Solutions of physics relevance to (A.2.5) can be found using the method of variables sepa-
ration [56] and they can be written in the following form:

Epx, y, zq � E0e
�jk�r � E0e

�jβ�re�α�r (A.2.6)

where r � xx̂� yŷ � zẑ is the position vector, and the propagation vector k
def� β � jα �

kxx̂� kyŷ � kzẑ has to satisfy the separability condition

k � k � k2
x � k2

y � k2
z � ω2µε (A.2.7)

where α and β are the attenuation vector 3 and the phase vector, respectively. From
equation A.2.6, the magnetic �eld can be expressed as:

Hpx, y, zq � 1

ωµ
k �E0e

�jk�r �H0e
�jk�r �H0e

�jβ�re�α�r (A.2.8)

and the ratio η � E0{H0 �
a
µ{ε is de�ned as intrinsic impedance of the propagation

medium (for the vacuum: η0 �
a
µ0{ε0 � 377 Ω). Equations A.2.6 and A.2.8 describe

an important solution called plane wave (because its constant-phase surfaces are planes
identi�ed by β � r � constant) and can be used to describe the EM wave emitted by any
source at a point su�ciently distant in space.

A.3 Guided Electromagnetic Propagation

Transmission lines are structures used to carry and guide electromagnetic signals. In order
to describe how the �elds propagate within them, we can model them as generic cylindrical
structures, with a constant cross-section along the linear axial coordinate of propagation
(the z axis in the Cartesian coordinates system shown in Fig. A.2).

Assuming a propagation in the positive z-direction (β � βẑ), we can express the
�elds in their transverse and axial components as [56]:

E � Et �Ez (A.3.1)

E � Et �Ez (A.3.2)

3The reader should be aware that alternative de�nitions of the attenuation constant are given by dif-
ferent authors in di�erent �elds. In particular, in optical applications it is common to de�ne a power

attenuation constant αp � 1{L � lnpPin{Poutq, with Pin{out being the power at two given input and
output points separated by a distance L [239]. Therefore the following relations subsist: α � αp{2 and
k � β � jαp{2. More information concerning loss in optical �bers is given in Section 2.1.7.
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A.3 Guided Electromagnetic Propagation

Figure A.2: Transmission line concept.

and the separability condition (A.2.7) becomes:

k2 � k2
t � k2

z � ω2µε (A.3.3)

By considering the Helmoltz equations A.2.3 and A.2.4, it is possible to derive special
solutions, which take into account particular properties of the �elds, as described in the
following.

Transverse Electromagnetic (TEM) Waves A transverse electromagnetic wave is char-
acterized by the fact that Ez �Hz � 0, i.e. the electromagnetic �eld has no components
in the direction of propagation. This leads to the condition that

k2
t � 0 ùñ kz � k � ω

?
µε (A.3.4)

and the wave impedance can be expressed as:

ηTEM � η (A.3.5)

where η is the intrinsic impedance of the propagation medium. Equations A.3.4 and
A.3.5 show that a TEM wave is essentially equivalent to a plane wave propagating in
the z-direction and there is no cut-o� frequency, i.e. a TEM wave can propagate for any
frequency f ¥ 0. The relationship between electric and magnetic �eld is given by:

ET � �ηTEMHT (A.3.6)

Transverse Electric (TE) Waves A transverse electric wave has no component of the
electric �eld in the direction of propagation, i.e. Ez � 0, while no assumption is made for
the magnetic �eld. The �elds for such a wave can be described as [57]:

HT � � jkz

k2 � k2
z

∇THz (A.3.7)

ET � jωµ

k2 � k2
z

ẑ �∇THz � �ωµ
kz

ẑ �HT (A.3.8)
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and the wave impedance can be de�ned as:

ηTE � ωµ

kz

� ω
?
εµ

kz

c
µ

ε
� k

kz

η (A.3.9)

For TE waves, the propagation constant can be calculated from:

kz �
a
k2 � k2

t �
a
ω2µε� k2

t (A.3.10)

where kt has to be derived by solving the eigenvalue problem of the transverse boundary
condition due to the actual con�guration of the guiding structure. It can be noticed that
kz can only be a real number (which implies an actual propagating wave) if ω2µε�k2

t ¡ 0.
This condition identi�es the cut-o� frequency fc, starting from which propagation in the
guiding line is actually allowed, as:

2πfc � ωc
def� kt

µε
(A.3.11)

Equations A.3.10 and A.3.11 can be combined to express

kz �
a
ω2µε� ω2

cµε � ω

c
1� ω2

c

ω2
� ω

d
1� f 2

c

f 2
(A.3.12)

which shows that TE solutions are dispersive, i.e. their propagation characteristics depend
on the operation frequency. This also a�ects the guided-wave wavelength λg, which can
be computed as:

λg � 2π

kz

� 1c
1�

�
fc
f

	2
� 1c

1�
�
λ0
λc

	2
(A.3.13)

with λ0 � 2π{β0 � 1{pf?µεq being the free-space wavelength and λc � 1{pfc
?
µεq being

the wavelength at the cut-o� frequency.

Transverse Magnetic (TM) Waves A transverse magnetic wave has no component of
the magnetic �eld in the direction of propagation, i.e. Hz � 0, while no assumption is
made for the electric �eld. The �elds of TM waves can be expressed as [57]:

ET � � jkz

k2 � k2
z

∇TET (A.3.14)

HT � jωµ

k2 � k2
z

ẑ �∇THz � ωε

kz

ẑ �ET (A.3.15)

and the wave impedance can be de�ned as:

ηTM � kz

ωε
� kz

ω
?
εµ

c
µ

ε
� kz

k
η (A.3.16)

For TM modes, considerations on the propagation constant, cut-o� frequency and disper-
sion apply, which are equivalent to the ones derived for the TE modes.

TE, TM and TEM modes can be used to represent and analyze the behaviour of
common transmission-line structures.
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A.4 Microstrip Coupled Lines

A.4 Microstrip Coupled Lines

Coupled lines (CLs) are useful elements used to design �lters, implement DC-block func-
tionalities and even achieve impedance matching in high-frequency engineering. They are
based on the principle that closely spaced lines (schematically represented as transmission
lines in Fig. A.3) exchange EM energy without the need for ohmic contact. Their behavior
can be examined considering the even and odd-modes excitation [56]. In the �rst case,
due the symmetrical excitation, no current will �ow between the two strips, and therefore
an even-mode capacitance Ce can be determined, allowing to de�ne an even-mode char-
acteristic impedance Z0e � 1

veCe
. In the second case, the opposite excitation of the two

strips establishes an electrical �eld across the two lines, with a voltage null in the middle:
therefore an odd-mode capacitance Co can be de�ned as allowing to de�ne an odd-mode
characteristic impedance Z0o � 1

voCo
. The characteristics of a CL section can be calculated

using formulas available in literature (e.g. in [61]) and are implemented in many CAD
programs.

An interesting feature of CLs is that they can provide impedance transformation (i.e.
matching between input and output impedances) if properly designed. Considering the
circuit shown in Fig. A.3, the transmission coe�cient from the generator with impedance
Zin and the load with impedance Zout can be expressed as [240]:

Figure A.3: Coupled-lines transformer.

S21 � 2 pZ0e csc θe � Z0o csc θoq
N

N �
�
Zout

Zin

� Zin

Zout



pZ0e cot θe � Z0o cot θoq (A.4.1)

� j

�
Z2

0e � Z2
0o

2
?
ZinZout

� Z0eZ0o?
ZinZout

pcsc θe csc θo � cot θe cot θoq � 2
a
ZinZout

�
(A.4.2)

where θe � 2π{λ0L
?
εr, e and θo � 2π{λ0L

?
εr, o are the electrical lenghts of the CL section

corresponding to the even and odd-mode respectively, with εr, e and εr, o respresenting
the e�ective dielectric constants of the two modes and λ0 being the free-space wavelength.
Choosing θe � θo � π{2 and assuming a loss-less con�guration, by imposing that |S21| � 1,
it can be shown that the following condition must be satis�ed in order to guarantee the
maximum power transfer from the generator (Zin) to the load (Zout) [241]:
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Z0e � Z0o � 2
a
ZinZout (A.4.3)

Equation A.4.3 represents a powerful expression for the design of CL impedance trans-
formers, putting in direct relation the even and odd impedances of the CL with the input
and output impedances connected to its terminals.

A.5 Antennas

Antennas are structures that are speci�cally designed to radiate (or collect) an electro-
magnetic signal (see Fig. A.4).

Figure A.4: Antenna concept. Adapted from [132].

Antennas are described by a set of useful parameters, that will be discussed in the
following. At �rst, it is useful to establish di�erent regions (whose limits are generally
dependent on the operating frequency or wavelength) in the space surrounding the an-
tenna, in which the emitted EM �eld assumes di�erent characteristics. A traditional and
simpli�ed characterization4 comprises [132]:

� Reactive near-�eld region: the closest area surrounding the antenna, where the �elds
have a reactive behavior. It is generally identi�ed assuming as external limit the
distance R � 0.62

a
D3{λ, where D is the largest dimension of the antenna and λ is

the wavelength under consideration.

� Radiative near-�eld region or Fresnel region: is the next identi�able region, in which
the �elds assume a radiative behavior but their angular �eld distribution is depen-
dant on the distance from the antenna and its radial component might be non-
negligible. Its external boundary is generally assumed to be given by R � 2D2{λ.

� Far-�eld regionor Fraunhofer region: this region starts at the same limit de�ning
the external boundary of the Fresnel region, and is characterized by the fact that

4The interested reader can �nd a more detailed treatise and accurate delimitation of the three regions
in [242,243].
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A.5 Antennas

the radiated �elds are essentially independent of the distance from the antenna and
their radial component is negligible, thus allowing a description of the EM �eld in
terms of planar wave:

Epr, θ, φq � Epθ, φqe
�jkr

r
(A.5.1)

The Fraunhofer region is often the most important region in communication appli-
cations and, if not otherwise stated, any other considerations in this thesis related
to antennas will assume an observation point located in this region.

A fundamental concept used to describe the behavior of an antenna is the radiation
pattern5, which is a function of the spatial coordinates used to represent the generated
�elds or the emitted power of the antenna in a given direction. It is possible to de�ne
�eld patterns as well as power pattern, the latter simply being a measure, as a function
of direction, of the average power density radiated by the antenna [132], which can be
expressed as the average Poynting vector Sav

def� 1
2
<tE �H�u, with H� denoting the

complex conjugate of H . The total radiated power can be calculated integrating the
Poynting vector over an entire close surface enclosing the antenna as:

P rad �
¿
s

S � ds � 1

2

¿
s

<tE �H�u � ds (A.5.2)

It is useful to de�ne the radiation intensity U as the power radiated per unit solid
angle, i.e.:

U � r2S (A.5.3)

in order to de�ne a normalized radiation pattern Pnpθ, φq that is independent of the the
variable r :

Pnpθ, φq def� Upθ, φq
Umax

(A.5.4)

It is also convenient to introduce the concept of isotropic radiator, i.e. an ideal source
that radiates the same amount of power in all directions (this is an obvious abstraction, as
such an antenna cannot be built in practice, but it is a useful reference when analyzing the
characteristic of actual antennas), i.e. its average power density can be expressed as [132]:

Siso � âr Prad

4πr2
(A.5.5)

and its radiation intensity as:

Uiso � Prad

4π
(A.5.6)

From equations A.5.3 to A.5.6,the directivity6 of the antenna can be de�ned as

Dpθ, φq � Upθ, φq
Uiso

� 4πU

Prad
(A.5.7)

5Radiation patterns are often presented in normalized form (i.e. normalized with respect to their maxi-
mum) and in decibel scale, to facilitate the view of their characteristics.

6Note that the directivity and the gain of antennas are quantities usually de�ned as a ratio to the
corresponding characteristic of an isotropic radiator, therefore they are measured in dBi.
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i.e. as the ratio of the radiation intensity in a given direction7 to the radiation intensity
of an isotropic radiator emitting the same average power Prad. Furthermore, an antenna
gain can be de�ned, by introducing the antenna e�ciency eant, as:

Gpθ, φq def� eant Upθ, φq � eant Upθ, φq (A.5.8)

where the antenna e�ciency is always smaller than 1 and accounts for losses due to mis-
match and to conductor or dielectric power attenuation occurring within the antenna
structure.

The directivity pattern of antennas generally presents lobes, i.e. regions of the solid
angle in which the radiation is particularly intense. The main lobe is the one in which the
radiation has its maximum and the antenna is generally designed to radiate in that region.
The half-power beamwidth (HPBM) is delimited by the points in which the radiated power
is the half of that in the maximum direction and measures the ability of the antenna to
radiate only in a speci�c region, an important feature for sector antennas. In this cases,
the front-to-back ratio (FTBR) is also an important �gure of merit, de�ned as the ration
between the power radiated in the maximum directivity direction to the power radiated
in the diametrically opposite direction.

When modeling the antenna as a circuit element, it is particularly useful to use the
concept of radiation resistance, that allows to represent the antenna as a load connected
to a transmission line. The radiation resistance is generally a complex quantity, whose real
part represents both the radiated �elds and the energy lost within the antenna, while its
imaginary part represents the energy stored as reactive �elds in proximity of the antenna:

Zant�Rant � jXant � Rrad �Rloss � jXant (A.5.9)

7Note that if no direction is speci�ed, the direction of maximum radiation intensity is implicitly assumed.
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Layouts of GCPW-to-WR Transitions

B.1 GCPW-to-WR-12 Transition

Figure B.1: Layout of GCPW-to-WR-12 transition.

With respect to Fig. B.1, the design parameters expressed in µm of the GCPW-to-
WR-12 transition introduced in section 4.2 are:

W1 = 320 µm, W2 = 410 µm, W3 = 410 µm, W4 = 140 µm,

W5 = 320 µm, W6 = 250 µm, W7 = 50 µm,

L1 = 1000 µm, L2 = 350 µm, L3 = 1300 µm, L4 = 890 µm,

L5 = 1300 µm, L6 = 2500 µm, L7 = 1500 µm, L8 = 900 µm,

G1 = 100 µm, G2 = 60 µm, G3 = 100 µm,

G4 = 150 µm, G5 = 150 µm, G6 = 100 µm,

D = 200 µm, P = 400 µm.

167



Appendix B Layouts of GCPW-to-WR Transitions

Note that point C (corresponding to the center of the WR) in Fig. B.1 is a center of
vertical simmetry and can also be used as a reference for the placement of the ground slots
and other parts of the transition. In the bottom view, the contour of a WR-12 waveguide
is also visible.

B.2 GCPW-to-WR-12 Transition with Bias Tee

Figure B.2: Layout of GCPW-to-WR-12 transition with bias tee.

With respect to Fig. B.2, the design parameters expressed in µm of the GCPW-to-
WR-12 transition with bias tee introduced in section 4.2.1 are:

W1 = 320 µm, W2 = 410 µm, W3 = 410 µm, W4 = 140 µm,

W5 = 250 µm, W6 = µm, W7 = µm, W8 = µm, W9 = 100 µm

L1 = 1040 µm, L2 = 350 µm, L3 = 1300 µm, L4 = 890 µm,

L5 = 1300 µm, L6 = 2500 µm, L7 = 1500 µm, L8 = 900 µm,

L9 = 1530 µm, L10 = 850 µm, L11 = 1000 µm,

G1 = 100 µm, G2 = 60 µm, G3 = 100 µm,

G4 = 150 µm, G5 = 150 µm, G7 = 100 µm, G8 = 100 µm,

M1 = 100 µm, M2 = 100 µm, M3 = 100 µm, M4 = 100 µm,

D = 200 µm, P = 400 µm.
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B.2 GCPW-to-WR-12 Transition with Bias Tee

Note that point C (corresponding to the center of the WR) in Fig. B.2 is a center
of vertical simmetry (with the exception of the RF-choke structure) and can also be used
as a reference for the placement of the ground slots and other parts of the transition. The
structure of the bottom layer (not shown in Fig. B.2) of the transition and the dimensions
of the corresponding elements (W6, W7, L6, L7, L8) are identical to the ones depicted in
Fig. B.1 and listed in section B.1.
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Layouts of SIW Designs

C.1 GCPW-to-SIW Transition with Tapered Line

Figure C.1: Layout of tapered GCPW-to-SIW transition.

With respect to Fig. C.1, the design parameters of the GCPW-to-SIW transition
with tapered line introduced in section 5.3 are:

W1 = 250 µm, W2 = 850 µm, W3 = 3000 µm, L1 = 1280 µm,

G1 = 230 µm, G2 = 900 µm, D = 200 µm, P = 400 µm.

C.2 GCPW-to-SIW Transition with Bias-Tee

With respect to Fig. C.2, the design parameters of the GCPW-to-SIW transition intro-
duced in section 5.3.1 are:

W1 = 250 µm, W2 = 880 µm, W3 = 420 µm, W4 = 180 µm,
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Figure C.2: Layout of GCPW-to-SIW transition with bias tee.

W5 = 3000 µm, W6 = 190 µm, W7 = 100 µm,

L1 = 200 µm, L2 = 1750 µm, L3 = 850 µm, L4 = 1085 µm, L5 = 1330 µm,

G1 = 230 µm, G2 = 100 µm, G3 = 100 µm, G4 = 100 µm,

G5 = 100 µm, G6 = 1180 µm, G7 = 900 µm, G8 = 165 µm,

G9 = 165 µm, G10 = 165 µm, D = 200 µm, P = 400 µm.

C.3 Standard H-Plane SIW Horn Antenna

With respect to Fig. C.3, the design parameters of the standard SIW H-plane horn antenna
introduced in section 5.4.1 are:

W1 = 3000 µm, W2 = 6700 µm,

L1 = 2800 µm, L2 = 13000 µm, D = 200 µm, P = 400 µm.

172



C.4 SIW H-Plane Horn Antennas with Matching Irises

Figure C.3: Layout of standard SIW H-plane horn antenna.

C.4 SIW H-Plane Horn Antennas with Matching Irises

C.4.1 SIW H-Plane Horn Antennas with External Iris

With respect to Fig. C.4, the design parameters expressed in µm of the antenna with
external matching iris introduced in section 5.4.2 (page 116) are:

L1 = 2400 µm, W1 = 1900 µm.

All other design parameters are identical to the ones reported in section 5.4.2 for the
SIW antenna with two-block transition (page 113).

Figure C.4: Layout of SIW H-plane horn antenna with external matching iris.
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C.4.2 SIW H-Plane Horn Antennas with Internal Iris

With respect to Fig. C.5, the design parameters of the antenna with internal matching
iris introduced in section 5.4.2 (page 116) are:

L1 = 7200 µm, W1 = 2500 µm, Diris = 400 µm.

All other design parameters are identical to the ones reported in section 5.4.2 for the SIW
antenna with two-block transition (page 113).

Figure C.5: Layout of SIW H-plane horn antenna with internal matching iris.
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Calibration Sets

In some cases, end-launch coaxial connectors commercially available from Southwest Mi-
crowave Inc. (series number 1492-01A-5 and 1492-02A-5) have been used to excite a signal
on planar transmission lines (GCPW or SIW) in order to perform experimental character-
ization of the designs presented in this thesis. The transitions from the coaxial connector
to the laminate have been based on the guidelines given by the manufacturer [244] and
optimized using HFSS [100].

Several Thru-Re�ect-Line (TRL) calibration sets have been speci�cally designed to
allow the de-embedding of connectors from the performed VNA measurements. All cal-
ibration sets introduced in the following sections have been designed according to the
guidelines given in [245].

D.1 Calibration Set 1

The calibration set shown in Fig. D.1 is used to de-embed the e�ect of the end-launch
coaxial connectors from the measurements, setting the reference plane at the GCPW
line on 127-µm-thick Rogers RT/duroid 5880 laminates. The re�ect standard is a short-
circuited transmission line (based on grounding via holes).

Figure D.1: Calibration set 1.

D.2 Calibration Set 2

This calibration set (shown in Fig. D.2-a) is used to de-embed the e�ect of the end-launch
coaxial connectors from the measurements, setting the reference plane at the GCPW
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line on 381-µm-thick Rogers RT/duroid 5880 laminates. The re�ect standard is a short-
circuited transmission line (based on grounding via holes).

Figure D.2: Calibration set 2 (a) and measurement of the thru standard (b).

D.3 Calibration Set 3

This calibration set (shown in Fig. D.3) is used to de-embed the e�ect of the end-launch
coaxial connectors and of the tapered GCPW-to-SIW transition introduced in section 5.3
from the measurements, setting the reference plane at the SIW on 381-µm-thick Rogers
RT/duroid 5880 laminates. The re�ect standard is a short-circuited transmission line
(based on grounding via holes).

Figure D.3: Calibration set 3.
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